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I. INTRODUCTION 


Although a great deal of work has been done on the 
biochemistry of the sulfur-containing amino acids and other 
sulfur-—containing compounds such as thiamin, biotin, and co= 
enzyme A, surprisingly little information is available on sulfo- 
mucopolysaccharides and even less on cerebron sulfate (sulfatide, 
sulfolipid). Cerebron sulfate, the ester-sulfate of phrenosin 
(N-cerebronyl-0-galactosyl-sphingosine), was isolated from the 
human brain by Thudichum in 1884, In the intervening seventy— 
five years fewer than twenty original papers on cerebron sulfate 
have been published, The compound is not even mentioned in an 
otherwise comprehensive monograph on sulfur-metabolism (Young 
and Maw, 1958). Although discussed in the monograph and a subject 
of greater study, the sulfomucopolysaccharides have been largely 
neglected until the past few years, Their distribution in the 
body has not been determined, and the function of sulfomucopoly— 
saccharides, including heparin, remains unknown, 

Cerebron sulfate has several salient characteristics, 
Like phosphatidyl serine and diphosphoinositide, cerebron sulfate 
consists of a lypophylic group at one end (cerebronic acid) and 
a hydrophylic group on the other (galactose—6—-sulfate); according 
to traditional ideas such a structure is essential for cation 
transfer through a membrane, Secondly (and uniquely) cerebron 


sulfate is always found as the potassium salt, Thirdly, the 
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compound constantly accumulates in the brain with little if 
any catabolism, 

Sulfomucopolysaccharides have not been searched for 
in the brain (or in many other orgens) and their turnover is 
not known, The uniqueness of sulfomucopolysaccharides lies 
in the fact that they are the most acidic organic compounds 


in the body. 
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II, SCOPE AND PURPOSE 


The paucity of information on cerebron sulfate and 
sulfomucopolysaccharides prompted a broad approach in studying 
some of the biochemical and physiological properties of these 
compounds, 

Turnover rates of cerebron sulfate and sulfomuco— 
polysaccharides extracted from various tissues of the rat were 
determined and compared, Their intracellular distribution 
in different organs was measured, Since cortisone has been 
shown to inhibit the incorporation of sulfate into sulfomuco- 
polysaccharides of mast cells and cartilage, the effect of 
this hormone on sulfate-incorporation into cerebron sulfate 
and sulfomucopolysaccharides of brain was studied, 

Experiments were carried out to elucidate some 
function of cerebron sulfate, The capacity of cerebron sulfate 
to form complexes with endogenous amines was investigated, 
Since cerebron sulfate is found as the potassium salt, attempts 
were made to see whether inorganic potassium is incorporated 
into cerebron sulfate of mitochondria from brain and liver, 
Thirdly, the possibility that sulfate-—transfer may occur he- 
tween cerebron sulfate and sulfomucopolysaccharides was ex= 
amined, Finelly, autoradiographic studies were performed to 
localize cerebron sulfate and sulfomucopolysaccharides in the 


rat. brain, 
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III, HISTORICAL SURVEY 


Although the bulk of the inorganic sulfate adminis-= 
tered parenterally to an animal is excreted unchanged (Dziew-— 
iatkowski, 1949), some of the material is incorporated into 
sulfur—containing amino acids (Dziewiatkowski, 1954), some 
becomes associated with a protein fraction of the serum (Smith 
et al,, 1955; Dziewiatkowski and DiFerrante, 1957), and a 
small portion is incorporated into sulfomucopolysaccharides 
(Dziewiatkowski, 1951), and cerebron sulfate (Holmgerd, 1955; 
Radin et al., 1957). 


A. Cerebron Sulfate 

The sulfur—containing lipid first isolated from the. 
humen brain by Thudichum in 1884 hed a sulfur content of 4,0 
percent, Frénkel et al, (1921,1925), using Thudichum's method, 
isolated two sulfolipids containing 1,86 percent and 1,70 per= 
cent sulfur, Koch (1910) prepared a sulfur-—containing lipid 
from the ether—insoluble residue of the brain having 1,91 per= 
cent sulfur, 1,80 percent phosphorus, and 12.8 percent sugar. 
He suggested that the sulfur was in the form of sulfate in ester— 
linkage to an alcohol group on the sugar, but which also joined 
a phosphoric acid group on a phosphatide, Levene (1912) iso- 
lated a phosphorus—free sulfatide containing 2,66 percent 


sulfur, and later Landsteiner and Levene (1926, 1927) prepared 
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a lipid from brain containing 1.32 percent sulfur, The 
variations in sulfur-content in these early preparations have 
been attributed to impure extracts, the presence of phosphorus to 
contamination by a phosphatide (Blix, 1933). 

Blix (1933) prepared from human brain the potassium 
salt of cerebron sulfate, a compound with an empirical formula 
CgHg NSO, ,K. The white spherical crystals melted at 209-210° C., 


48 92 "1 
and contained galactose, Blix offered the following formula: 


CH3 - (CH,),,- CHOH-C=O 


NH 
CH3- (CH2),, -CH=CH- CH — CH — CH, 
hy 
Oo (CHoH), 
CH 
CH,050,0K 


In 1955 Thannhauser, Fellig, and Schmidt proved thet 
the sulfate-ester was on the sixth carbon of galactose, On the 
basis of Carter and Greenwood's (1952) structure for cerebrosides, 


they corrected Blix's formula: 


CHy- (CH2),, - CHOH -C=0 


NH 
j 


CH3-(CH2), - CH= CH - CH- CH CHz 
OH O 


! 
CH, 050,0K 
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Soon after the demonstration of sulfolipids in the 
brain, they were shown to occur in muscle, submaxillary gland, 
testis, liver (Koch, 1907), lung (Sammartino, 1921), and kidney 
(Landsteiner and Levene, 1925), Blix (1933) suggested that cere- 
bron sulfate is a component of the substance isolated by Drech- 
sel (1886) and Baldi (1887) from liver, spleen, blood, and 
muscle, and by Manasse (1895) from adrenal, Of all the organs 
investigated, however, white matter of brain remains the richest 
source of cerebron sulfate (Koch and Koch, 1917), 

The identity of cerebron sulfate with brain sulfatide 
is generally assumed in recent work since current methods (Lees, 
1956) give a high yield of lipid-sulfur as cerebron sulfate, 
in contrast with Blix's method which left 97 percent of the 
lipid sulfur unaccounted for, The identity of sulfolipids ex- 
tracted from other organs with each other and with cerebron 
sulfate has only been suggested in the literature, 

Cerebron sulfate comprises 1,2 percent of the fresh 
weight of the white matter and 0.2 percent of the gray matter 
of the brain (McIlwain, 1959), It is formed with myelination 
in the rat (Koch and Koch, 1913), mouse (May, 1948), and human 
(MacArthur and Doisy, 1919), The data of Koch and Koch (sum— 
marized by McIlwain, 1959) suffered from an untenable formula 
for cerebron sulfate, but the results, expressed simply as 
lipid-sulfur, indicate that formation is most rapid during the 
period ten days after birth when there is growth in cell size, 
particularly of axons and dendrites, There is an increase in 
relative rate of formation of cerebron sulfate (along with other 
lipids) during myelination, which occurs from the tenth to the 
twentieth day after birth, 

MacArthur and Doisy (1919), also using Koch's for- 
mula for cerebron sulfate, made similar observations on the 


developing human nervous system, They found the compound to 
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be laid down shortly before the cerebrosides, but generally 
similar to them, showing a maximum rate of formation at three 
months, May (1948) found a similar parallel in mice, Folch 
(1947) reported that myelination marks the appearance of cere~ 
bron sulfate, which is absent in non-myelinating areas, ‘Other 
cerebrosides and proteolipids are closely associated with 
myelination, while phosphatides and cholesterol are less so, 
and proteins and strandin scarcely involved (Folch, 1955). 

The striking characteristic of cerebron sulfate, 
discovered by Koch and Koch (1913), is its continual increase 
in the adult rat: it increases in both percentage of total 
composition and total weight of brain components, Unlike 
cerebrosides and phosphatides, the rate of growth remains con- 
stant in the adult, May's (1948) observation that lipid—sulfur 
declines in brain of the adult mouse may be attributed to his 
using ether to extract the lipids (as opposed to chloroform: 
methanol), for Folch (1955) found a steady increase in the 
adult mouse brain, Folch (1955) also found a continual increase 
of total cerebrosides (including cerebron sulfate), proteo- 
lipids, and cholesterol, while proteins, total phosphetides, 
and strandin either remained constant or dropped, He further 
found that while phosphatidyl serine and lecithin appear to 
increase very little, acetal phosphatides increase markedly, 
Davison and Dobbing (1958, 1959) found a persistence of labelled 
lipid in the brain (but not in the liver) 70 days after injecting 
p° _phosphate into 16 day old rats, There are no reports of 
turnover rates for brain phosphatides in adult animals, 

Radin and associates (1957) using Soe altaterann 
6) laceke showed that although cerebrosides and strandin 
undergo marked metabolic breakdown in the brain within ten 
days after injection of the isotope, brain cerebron sulfate 


shows the same level of labelling after 16 days, Furthermore, 
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they showed that cerebron sulfate did not turn over in the 
brains of old rats, These results are in accord with the ear— 
lier findings of Koch and Koch (1913) who showed an uninter-— 
rupted synthesis of cerebron sulfate in the rat brain and a 
steady accumulation with age, 

The intracellular association of cerebron sulfate 
with potassium first demonstrated by Blix (1933) was emphatic- 
ally pointed out by Folch (1947) who found that of the total 
content of potassium in the adult brain tissue (95.6 mEq.), 
11,5 percent was combined with cerebron sulfate and 15,7 per— 
cent with phosphatidyl serine (the total of lipid-bound potassium), 
Cerebron sulfate was not combined with any of the other cations 
studied - sodium, calcium, and magnesium — unlike phosphatidyl 
serine which was associated with 10.0 mEq. of sodium, This 
is the total quantity of lipid-sodium and comprises 19,6 per- 
cent of the total sodium of the brain, 

Although Kirschner (1957) showed that phosphatidyl 
serine forms a lipid-soluble complex with sodium in preference 
to potassium, Folch et al, (1957a, 1958) found no difference 
between sodium and potassium in their ability to displace 
undissociated anionic-lipids, cerebron sulfate, phosphatidyl 
serine, and diphosphoinositide, from the aqueous phase of a 
chloroform:methanol;:water system, They noted, however, that 
divalent cations (Ca*t* and Mg*t*) were more effective than 
monovalent cations, Hirt end Bechtold (1958) showed that syn- 
thetic lecithin adds divalent cations in a concentration one 
hundred times greater than monovalent cations to the organic 
phase of a chloroform:water system, 

Other anionic sulfur-containing organic compounds 
found in neural tissue are isethionic acid (Koechlin, 1954a; 
1954b) and cysteine sulfinic acid (Bergeret and Chatagner, 


1954), Their reactions with cations remain unexplored, Cysteic 
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acid (see review by Young and Maw, 1958) and S-sulfoglutathione, 
recently isolated from the lens (Waley, 1959) have not yet 


been searched for in the brain, 


B, Sulfomucopolysaccharides 


Sulfomucopolysaccharides, a group including heparin, 
chondroitin sulfuric acid and mucoitin sulfuric acid, are 
widely distributed, but there is no record of a systematic 
search for sulfomucopolysaccharides in various organs of any 
animal, Recent reviews (Springer, 1955-1957; Wolstenholme and 
O'Connor, 1958; Young and Maw, 1958) have summarized present 
knowledge of these compounds, 

Sulfomucopolysaccharides are polymers containing 
hexosamines and uronic acids with varying amounts of sulfate, 
The sulfate is esterified to hydroxyl groups, and, in some cases, 
in sulfamate linkage to the hexosamine, 

Autoradiographic studies of various tissues using 
o°° aulfate have been largely attributed to sulfomucopoly= 
saccharides (Dziewiatkowski, 1958), and Curran and Kennedy 
(1955) showed an association between °° autoradiographs and 
metachromatic staining, This does not prove the presence of 
sulfomucopolysaccharides, for lipids may cause metachromasia 
in tissues (Wislocki and Senger, 1950; Landsmeer, 1951; Booij 
et al., 1953). Although the presence of sulfomucopolysaccharides 
in the ground substance of the brein has been assumed (e.g, Mc- 
Ilwain, 1959), no proof is available that they exist. in the 
brain, A recently isolated mucolipid from ox brain is reportedly 
free of sulfur (Rosenberg and Chargeff, 1958). 

In the Hurler-Pfaundler syndrome (Gargoylism) the 
actual isolation of pathological mucopolysaccharides has been 
investigated, The syndrome, characterized by mental retardation, 


Skeletal deformities, cloudiness of the cornea, and hepato- 
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splenomegaly, is attributed to an inborn error of metabolism 
(see reviews by Thannhauser, 1958; MeKusick, 1959), and 
accompanied by an intracellular accumulation of mucopoly— 
saccharide, In the liver (Bishton et al., 1956; Brown, 1957), 
spleen (Brown, 1957), and urine (Meyer et al,, 1958), but not 
in the brain, a heparin-like polysaccharide was described and 
later identified as heparatin sulfate (Linker et al., 1958; 


Meyer et al,, 1958), 


C, Autoradiography 


Dziewiatkowski (1958) has reviewed autoradiographic 
studies of gs)? sulfates Embryos of rat and rabbit show a low 
uniform accumulation of radioactive sulfur in the central 
nervous system up to the tenth day; after the fifteenth day 
there is a differential uptake, highest in the choroid plexus, 
corpus striatum, and cerebral cortex, with little in peripheral 
nerves, However, he states that sulfolipids are undoubtedly 
removed in the preparatory processes, 

Bostrém and Odebled (1953), 48 hours after injecting 


35_sulfate into adult rats, showed greatest uptake in the 


S) 
polymorphous and fusiform cells of the cerebrum, the choroid 
plexus, and the molecular layer and Purkinje cells of the 
cerebellum. However, Curran and Kennedy (1955) found in the 
brains of mice a generalized uptake 4 to 18 hours after in= 
jection, It is not clear whether these contradictory results 
indicate a species difference or the influence of time on 


distribution of the isotope, 
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IV, EXPERIMENTAL METHODS 


A. Extraction of Cerebron Sulfate 

Of the four methods available for the extraction 
of cerebron sulfate, two (Blix, 1933; Thannhauser and Bon- 
caddo, 1953) result in low yields, a third (Radin et al., 
1957) results in contamination with a phosphorus—containing 
substance, The method of Lees (1956) was selected because of 
its high and clean yield and its simplicity, (See reviews 
by Radin, 1958; Folch et al., 1953.) 

The tissue to be extracted was homogenized in 20 
volumes of 2:1 chloroform:methanol (Folch et al., 1951) in 
a Waring Blendor, and the insoluble material removed by 
vacuum filtration, The filtrate was then washed with one fifth 
its volume of water (Folch et al., 1954, 1957b), the washed 
extract collected, the volume recorded, and an aliquot removed 
for counting, 

To prepare cerebron sulfate free of lipid contamin-— 
ants Lees' method was used: the washed extract was mixed 
with petroleum ether, methanol, water 1:0.5:0.75:0,2 v/v, 
and allowed to separate into two phases; the upper phase was 
mixed with one twelfth its volume of water; the resulting upper 
phase was mixed with 1 N potassium chloride, methanol, water 
1:0,.04:0,02:0,.1 v/v; the lower phase was then collected and 


mixed with petroleum ether and water 1:0,12:0,05 v/v and 
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enough methanol added to maintain a single phase; the solution 
was kept at -10° C to precipitate out cerebron sulfate. 

An alternative method of purifying the chloroform; 
methanol extract, modified from Radin et al, (1957), was tried, 
A silicic acid ion exchange column was prepared by filling a 
column with a slurry of 100 mesh silicic acid (analytical re- 
agent, Mallinckrodt) in petroleum ether, then washed with 
1:1 chloroform:methanol followed by 2:1 chloroform: methanol 
(Marinetti et al,, 1957); the extract was allowed to run through, 
followed by 2:1 chloroform:methanol, then eluted with 1:1 
chloroform:methanol followed by methanol alone, 

A column containing Amberlite CG—45 was converted 
to the formate form and washed with ethanol:chloroform: water 
(10:8:1), An aliquot of the effluent from the silicic acid 
column was evaporated to dryness and the residue dissolved in 
ethanol:chloroform:water (10:8:1) and run through the colum, 
The column was washed with the same solvent, Elution was 
carried out with 5 percent ammonium acetate in ethanol: chloro— 
form:water (8:4:1), ethanol;:chloroform:5 N ammonium formate 
(8:4:1), ethanol:chloroform:5 N ammonium formate:5 N formic 
acid (43;1:2:2),. and 5 N ammonium formate, 

Paper chromatography was performed on Whatman #3 
paper in two solvent systems — butanol:acetic acid:water 
(50:25:25) and n-propanol:0,.2 N ammonium hydroxide (3:1), 
and on Whatman #3 paper impregnated either with silicic acid 
(Marinetti et al,, 1957) or 5 percent Dow Corning Silicone 
#1107 (Kritchevsky and Tiselius, 1951) in a solvent system 
containing diisobutylketone:acetic acid:water (40:25:5), 

The nature of the s°°_iabelled impurities in the 
chloroform:methenol extract was investigated by chromatography 
in butanol:acetic acid;water and n=-propanol:ammonia, Extran— 


eous compounds were followed by radioactivity and by ninhydrin, 
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Ehrlich, and emmonium molybdate tests (Smith, 1958), Nin- 
hydrin spots associated with radioactivity were compared with 
ninhydrin spots from chromatography of cysteine, cystine, 
homocysteine, methionine, glutathione, cystathionine, cysteic 


acid, and taurine, 


B, Extraction of Sulfomucopolysaccharides 

The tissue to be extracted was homogenized in eight 
volumes of water, The homogenate was placed in a boiling 
water bath for 10 minutes, then put into dialysis bags each 
containing 100 milligrams of pancreatin and allowed to dialyze 
against four changes of pH 8.6 Tris buffer for 48 hours, fol— 
lowed by dialysis against running tap water overnight, The 
contents of the dialysis bag was then placed in a boiling 
water bath for 10 minutes and the precipitate removed by cen— 
trifugation, The supernatant was added to five volumes of ace~ 
tone and left overnight at 4° C, The precipitate was collected 
by centrifugation, dissolved in water, the volume recorded, 
and an aliquot withdrawn for counting, (Modified from Freeman 
et al., 195%) 

Brain sulfomucopolysaccharides were further frac 
tionated by adding three volumes of Genitron 118 (CCl F-CC1F, ) 
to an aliquot of the sulfomucopolysaccharide, mixing the suspen= 
sion in a mechanical shaker, and separating the phases by centri- 
fugation, The upper aqueous phase was withdrawn and the residue 
re-extracted with water, The volume of the resulting total aqueous 
partition was measured and an aliquot withdrawn for counting, 
(Modified from Mackowitz and Henderson, 1958.) 

The sulfomucopolysaccharides were chromatographed 
on Whatman #3 paper in butanol:acetic acid:water (50:25:25), 
isopropanol:0,04 M ammonium formate (35:65), and on paper im- 


pregnated either with silicic acid or Dow Corning silicone in 
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a solvent system composed of diisobutylketone:acetic acid: 
water (40:25:5). 

Chromatograms were stained for metachromasia by 
dipping them in a solution of 0.1 percent Azure A in 1 N acetic 
acid:water:ethanol (1:4:5) followed by 1 N acetic acid:water: 
ethenol (1:4:5). 

Metachromasia in solution was shown by adding to 
two volumes of the sulfomucopolysaccharide one volume of 0,1 
percent Azure A diluted 1:8.5 with 0.1 M phosphate buffer pH 
7.3 (Jaques, Monkhouse, and Stewart, 1949). 


C, Turnover Studies 
One millicurie of s°°_ sodium sulfate was injected 
intraperitoneally into 150 gram white male Sprague—Dawley rats, 
The animals were killed by decapitation and the blood collected 
in small beakers containing 8 percent sodium citrate, The 
organs were quickly removed, washed, weighed, and extracted, 
A portion of the quadriceps femoris was removed as a specimen 
of skeletal muscle. For each time-period the organs from two 
rats were pooled, 
The volume of the citrated blood was measured and 
then centrifuged to separate cells and plasma, The cells were 
allowed to stand overnight in two volumes of water to lyse them, 
Mast cells were obtained from a mastocytoma (Schindler, 
Day, and Fisher, 1959) grown in the peritoneal cavity of DBA/ 
AKRF2 mice; each mouse had received one millicurie of °° _sodium 
sulfate intraperitoneally, The mice were killed by cervical 
separation, the tumor removed, a cell count obtained after three 
washings in 0.9 percent sodium chloride, and the cells sonicated, 
The sulfomucopolysaccharides were extracted as des= 


cribed above, For cerebron sulfate, extraction was limited to 
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the washed chloroform:methanol extract, In the case of plasma, 
blood cells, and mast cells, where the tissue suspension was 
aqueous, the extraction was performed by adding 5 volumes of 
2:1 chloroform:methanol to the aqueous suspension and allowing 
the mixture to be stirred by a magnetic mixer for 30 minutes, 
The insoluble material was removed by vacuum filtration and 
the filtrate allowed to separate, The chloroform phase was 
collected, the volume recorded, and an aliquot. withdrawn for 
counting, 

To test the validity of attributing radioactivity 
in the washed chloroform:methanol extract to cerebron sulfate, 
the 24-hour sample in each case was then fractionated by the 
method of Lees (1956), and an aliquot withdrawn for counting, 
The washed extract was chromatographed along with known cere— 
bron sulfate prepared by Lees' method, 

All specimens of the same series were counted at 


the same time to avoid errors due to radioactive decay, 


D, Cortisone Administration 

White male rats weighing 150 grams were used, Ten 
milligrams of Cortone Acetate (Sharp and Dohme) was given intra- 
peritoneally each day for six days. On the sixth day one 
millicurie of °° _sulfate was injected intraperitoneally, On 
the seventh day the eanisals were killed, the organs removed, 


weighed, and fractionated as above, 


EH. Cell Fractionation 

One millicurie of go sodium sulfate was injected 
into a 150 gram white male rat, the animal sacrificed and the 
organs rapidly removed and weighed, Each organ was homogen— 
ized in nine volumes of 0,25 M sucrose and the homogenate 
fractionated by differential centrifugation in a Spinco model 


L ultracentrifuge by the method of Schneider and Hogeboon (1950), 
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The resulting fractions were then extracted as described above, 
Mitochondrial membranes were separated by the procedure 
described by Waton and Siekevitz (1956): the washed mitochon- 
dria were resuspended in 0,25 M sucrose and one ninth of the 
volume of 3 percent sodium desoxycholate added; this suspension 
was centrifuged in a Spinco model L ultracentrifuge at 25,000 
x g for 20 minutes, and the resultant supernatant at 105,000 x g 
for 60 minutes, The samples were then extracted as previously 
described, In the extraction of sulfomucopolysaccharides the 
fractions were first dialyzed against tap water to remove the 


desoxycholate before the pancreatin was added, 


F, Incorporation of Potassium into Mitochondria 

Mitochondria were prepared according to the method 
of Schneider and Hogeboon (1950) from the brain and liver of 
150 gram white male rats, Washed mitochondria representing 
0.3 grams of tissue was added to each reaction flask containing 
20 micromoles ATP, 30 micromoles alpha—ketoglutarate, 5 micro= 
moles MgCl,, 35: micromoles KCl, 60 micromoles pH 7,3 Tris buffer, 
and 150 microcuries of «*"c1, all in 0,25 molar sucrose to a 
final volume of 5 milliliters, Control groups were run with 
the brain mitochondria containing: a) all the above but in- 
cubated anaerobically; b) all the above plus 5 micromoles 
NaCN; and c) all the above but without ATP, MgC1,, and alpha~ 
ketoglutarate, The mixtures were incubated at room temperature 
for 60 minutes, the mitochondria collected by centrifugation, 
washed twice with 0,25 M sucrose, resuspended in water, and 
extracted with five volumes of 2:1 chloroform:methanol, Cerebron 
sulfate was then extracted by the method described, and aliquots 
were withdrawn for counting and chromatography at each step. 

A fourth control, consisting of a suspension of un- 


incubated mitochondria in 0.25 M sucrose was added to five 
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volumes of 2:1 chloroform:methanol to which all the contents 
of the incubation were added, and extracted along with the 
other controls, Three further controls were run: adding 

g°  sulfate and 2° “a phosphate to aqueous homogenates of 
brain mixed with five volumes of 2:1 chloroform:methanol, and 
adding an aqueous solution of ha pe taceian chloride to five 
volumes of 2:1 chloroform:methanol without any tissue — all 


were extracted in the same manner, 


G, Binding of Cerebron Sulfate with Amines 

Approximately 20 milligrams of cerebron sulfate, 
prepared from beef brain by Lees' method, was dissolved in 
25 milliliters of warm 2:1 chloroform:methanol and five milli- 
liters added to each of the following solutions: (1) 1 milli- 
liter of pH 7.0 phosphate buffer, (2) 2 milligrams of L-nor- 
epinephrine bitartrate monohydrate (Sterling Winthrop) in 1 
milliliter of pH 7.0 phosphate buffer, (3) 2 milligrams of 
5-hydroxytryptamine (serotonin) creatinine sulfate (Upjohn) 
in 1 milliliter of pH 7.0 phosphate buffer, (4) 2 milligrams 
of histamine dihydrochloride (National Biochemicals) in 1 
milliliter of of pH 7.0 buffer, and (5) 2 milligrams of acetyl- 
choline (Merck) in 1 milliliter of pH 7.0 phosphate buffer, 
Controls were run for mixtures (1) through (5) consisting of 
the identical aqueous constituents added to 5 milliliters of 
2:1 chloroform:methanol, 

The solutions were well mixed and then allowed to 
separate, Analyses were then performed on the organic phase 
of each mixture for the appropriate amine, 

Norepinephrine 

Maximum ultraviolet absorption of an aqueous solu-= 
tion of norepinephrine was determined, using a Beckman model 


DU spectrophotometer, At the wavelength of maximum absorption 
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optical density values were obtained for 10 to 200 micrograms 
of aqueous norepinephrine, The experimental mixture of cere= 
bron sulfate exposed to norepinephrine was then read with 
the organic phase of solution (1) as a blank. The norepineph- 
rine control was: read with the organic phase of control (1) 
as a blank, 

5-Hydroxytryptamine 

Meximum ultraviolet absorption was determined similarly 
and standard values obtained, Experimental solution (3) was 
read with the organic phase of solution (1) as a blank, The 
5-hydroxytryptamine control was read with control (1) as a 
blank, 

Histamine 

The method described by Rabinowitz and Pricer (1956) 
was used, The solutions to be measured were evaporated and 
resuspended in water, After addition of reagents and before 
reading, the solutions in which cerebron sulfate was present 
were centrifuged to obtain a clear solution, 

Acetylcholine 

The method described by Hestrin (1949) was used. 
The solutions to be measured were evaporated and resuspended 
in water, After addition of reagents and before reading, the 
solutions in which cerebron sulfate was present were centri- 


fuged to obtain a clear solution, 


H. Attempts to Transfer §°°-Sulfur from Cerebron Sulfate to 
Sulfomucopolysaccharides 

Fifteen DBA/AKRF2 mice were inoculated with masto- 
cytomas in the solid form, and 10 days later the tumors re= 
moved, weighed, and homogenized, Two rats were killed and 
the brains removed, weighed, and homogenized, 


The homogenized tissues were divided into two groups, 
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the reaction flasks of each group containing 0.7 grams of 
tissue and 20 micromoles ATP and 5 micromoles MgCl; one 
group each 100,000 cpm s°*_sulfate, the other group each 
15,000 cpm s°°_iabelled cerebron sulfate in aqueous suspen-— 
sion, The homogenates were incubated at 36°C. for one hour 
and three hours, after which the homogenate was heated for 
10 minutes in a boiling water bath, 100 milligrams of pancrea— 
tin added, and NH ,OH to alkaline pH, This mixture was allowed 
to digest overnight, then heated in a boiling water bath for 
10 minutes and the precipitate removed by centrifugation, 
The supernatant was chromatographed in butanol:6 N HCl (1:1), 
butanol:acetic acid:water (50:25:25), isopropanol:0,04 M 
ammonium formate (35:65), and on silicic acid—impregnated 
paper in diisobutylketone:acetic acid:water (40:25:5), 

One fraction consisting of brain homogenate incubated 
with g°°_sulfate was extracted for cerebron sulfate, The 
various fractions which resulted were chromatographed on silicic 


acid-impregnated paper in diisobutylketone:acetic acid:water, 


I, Autoradiography 


One millicurie of s°°_sulfate was injected intraperi- 
toneally into a 150 gram white male rat, Sixteen days later 
the animal was killed, the brain removed, and placed in 10 per- 
cent formalin for 48 hours, The brain was then cut, embedded 
in parafin, and 10 micron sections cut which were mounted in 
parafin on glass slides, The sections were exposed to Kodak 
No Screen X-ray film in a dessicator in the cold for 50 days, 
after which they were developed (Boyd, 1955). 

From each block one slide was prepared which was 


stained with toluidine blue, 
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J. Counting 


Samples containing so were counted in a Technical 
Measurement Corporation LP-2A Liquid Phosphor Counter using 
a 0.2 milliliter aliquot in 10 milliliters of a reagent com- 
posed of 8 grams diphenyloxazole, 100 milligrams POPOP, 2 
liters of toluene, and one liter of absolute ethanol, Paper 
chromatograms were counted by a Baird Atomic G=-M Scaler model 
123 with a thin end-window Geiger tube, Alternatively the 
chromatograms were counted by cutting the paper transversely 
into two centimeter strips from the origin to the solvent front 
and extracting each strip in 4 milliliters of a 1:1 mixture 
of methanol:petroleum ether, A 2 milliliter aliquot of the 
extract was added to 10 milliliters of the reagent and counted 
in the liquid phosphor counter, 

Radioactive potassium and phosphorus were measured 
with a Geiger tube after allowing a 1.0 milliliter aliquot to 


evaporate to dryness in a planchet, 
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V. EXPERIMENTAL RESULTS 


A, Extraction of Cerebron Sulfate 

Cerebron sulfate accounted for 50 percent of the 
radioactivity in the chloroform:methanol extract, Re-ex— 
tracting the washings brought the yield to 75 percent, in 
accord with published reports (Lees, 1956). 

Chromatography of the chloroform:methanol extract 
in butanol:acetic acid:water and in n=-propanol: ammonium 
formate showed the bulk of the radioactivity to be in the 
vicinity of the solvent front, Color tests showed areas which 
gave colors with ninhydrin, the Ehrlich reagent, and ammonium 
molybdate (see Tables 1 and 2), ‘The radioactive region re-. 
acted with all three reagents, However, chromatography of 
this extract on silicic acid-impregnated paper in diisobutyl- 
ketone:acetic acid:water separated radioactivity (R, 0.50) 
from the color-yielding materials (Table 2). 

Chromatography of known cerebron sulfate (pre- 
pared by Lees' method) on silicic acid-impregnated paper in 
diisobutylketone:acetic acid:water showed a single radioactive 
peak at Rp 
and of phosphate (Table 2). The Ehrlich test was not done, 


0,50. This was free of ninhydrin-reacting material 


The effluent of the silicic acid ion exchange column 
accounted for 88 percent of the radioactivity of the original 
chloroform:methanol extract, Subsequent elutions contained 


negligible amounts of radioactivity, Chromatography of the 
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Rp s°° Ninhydrin = Ehrlich = Ammonium 
see molybdate 
0.16 = + = : 
0,29 + + _ Es 
0.31 x + + 7 
0.38 : a i : 
0.45 = + x - 
0.51 = . = : 
0.60 = + + : 
0.76 s ; Z : 
0.96 + + + + 


Table 1, Paper chromatography of the chloroform: methanol 


extract of brain in butanol:acetic acid water (50:25:25), 
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effluent in butanol:acetic acid:water showed a single radio-— 
active peak at the solvent front, which reacted with ninhydrin, 
Ehrlich, and ammonium molybdate reagents (Table 2), 

Elution of the column of Amberlite CG-—45, through 
which the effluent of the silicic acid column had percolated, 
produced a total yield of less than 25 percent after multiple 
elutions (see page 12). Chromatography of the most active 
fraction (obtained by eluting with 5 percent ammonium acetate 
in ethanol:chloroform:water 8:4:1) revealed positive ninhydrin, 
Ehrlich, and ammonium molybdate spots (Table 2), 

Chromatography of the water-wash of the chloroform; 
methanol extract in butanolzacetic acid:water showed a small 
radioactive peak at Re 0,29 associated with a ninhydrin test, 
Chromatography of some compounds containing sulfur and a pri- 
mary amine was performed, it was found that taurine had the 
same R, value (see Table 3). Chromatography of taurine, 
taurine in admixture with the water-wash, and the water-wash 
alone supported the identification of the ninhydrin-radio- 
active spot as being due to taurine, 

An attempt to extract cerebron sulfate from 1,4 
grams of dessicated beef pineal gland (equivalent to 7.0 


grams of pineal gland) yielded no product. 


B. Extraction of Sulfomucopolysaccharide 


Results of chromatography in isopropanol: ammonium 
formate and diisobutylketone;:acetic acid:water solvent systems 
of sulfomucopolysaccharides extracted from rat brain, adrenal 
gland, kidney, liver, large intestine and small intestine 
are summarized in Tables 4 and 5, In samples extracted six 
hours after injection of s°°_sulfate the bulk of the labelled 


sulfomucopolysaccharide migrated to an R, value of 0.75 = 


f 
0,90 in isopropanol:ammonium formate. In diisobutylketone;: 
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Compound Re 
Cystathione 0.13, 0,22 
Cystine 0.14 
Cysteine 0.14, 0,43 
Glutathione 0.14, 0,37 
Cysteic acid 0,15 
Taurine 0,29 
Water-wash alone 0,29% 
Taurine plus water-wash 0,29* 
Homocysteine 0.31, 0.57 
Methionine 0.638 
*radioactivity 
Table 3, Re values in butanol:acetic acid:water (50:25:25) 


of sulfur-conteaining ninhydrin-positive compounds, and of 


the water-—wash of the chloroform:methanol extract, 
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we value 
0.0 0,20 0,40 0.60 0.80 1,00 
Brain 
radioactivity * (25%) * (75%) 
metachromasia * % 


Adrenal gland 


(1008) 


radioactivity a 
metachromasia * * 
Kidney 
radioactivity * (10%) * (90%) 
metachromasia * * 
Liver 
radioactivity * (100%) 
metachromasia * * 
Large intestine 
radioactivity * (1%) * (99%) 
metachromasia * kad 


Small intestine 


radioactivity * (1%) * (99%) 
metachromasia * % 
Table 4, R, values of radioactivity and of metachromasia of 


f 
s°°_iebelled sulfomucopolysaccharide extracted from brain, adrenal 


gland, kidney, liver, large intestine, and small intestine 6 hours 
after injecting g°°_sgulfate; chromatography in isopropanol:0,04 


M ammonium formate (35:65). 
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Re values 


Radioactivity Metachromasia 
Brain (24 hour sample) 0.00, 0.30 0.00, 0.30 
(50%) (50%) 
Adrenal gland (6 hour) 0.00 0,00 
Kidney (6 hour) 0.00 0,00 
Liver (6 hour) 0,00 0.00 
Large intestine (6 hour) 0.00 0,00 
Small intestine (6 hour) 0,00 0.00 
Mouse mastocytona 0.00 0.00 
Bovine heparin 0,00 


Table 5, Re values of S "-tabelled ey ee ae 
extracted from various organs of the rat after injecting S = 
sulfate, and of mouse mastocytoma labelled sulfomucopolysaccharide 
and commercial heparin; chromatography on either silicic acid= 

or silicone-impregnated paper in diisobutylketone:acetic acid: 


water (40:25:5). 
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acetic acid:water labelled sulfomucopolysaccharide and meta- 
chromasia remained at the origin in all cases except brain 
sulfomucopolysaccharide, 

Chromatography of the 24 hour sample of sulfomuco— 
polysaccharide from the brain in butanol:zacetic acid:water 
showed radioactivity equally distributed at the origin and 
at Re 0.80, Both spots were metachromatic, 

Brain sulfomucopolysaccharide was shown to be meta— 
chromatic in solution, 

Extraction of the 6 and 12 hour, 1, 2, 4, 8, 16, 
and 32 day samples of brain sulfomucopolysaccheride with 
Genitron revealed that in all cases about 40 percent of the 
radioactivity was left in the aqueous phase, Chromatography 
of the 24 hour sample before and after extraction with Genitron 
showed that the Genitron extracted completely the labelled 


material with an R, value of 0,30 together with part of the 


labelled material A the origin (Table 6), Ninety-six percent 
of labelled s°°_cerebron sulfate was found to enter the Geni- 
tron phase in a similar experiment, 

Chromatography of brain sulfomucopolysaccharide to 
which an aqueous suspension of °° _abelled brain cerebron 
sulfate was added showed that the Rp value of cerebron sulfate 
was unaffected by the admixture of sulfomucopolysaccharide, 
Radioactivity was found at Re 0.00, 0.30 and 0,50, Meta- 


chromasia was present at the origin and at R, 0.30. The 


region of the cerebron sulfate stained blue ae than purple) 
with Azure A both in admixture with sulfomucopolysaccharide 
and alone (Table 7). 

Extraction of rat brains removed 2 and 16 days after 
injection of 3 Ssulfate revealed that 8 percent of the total 
radioactivity in the brain was in the dialyzable fraction of 


the 2 day brain, while no radioactivity was present in the 
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Re values 


Radioactivity Metachromasia 


Brain sulfomucopolysaccharide 0.00, 0,30 0.00, 0.30 
Genitron phase 0.00, 0.30 0.00, 0,30 
Aqueous phase 0,00 0.00 


Table 6, Chromatography on silicic acid—impregnated paper in 
diisobutylketone:acetic acid:water (40:25:5) of s°°_iabelled 
brain sulfomucopolysaccharide before and after extraction with 


Genitron, 
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Re values 


Radioactivity Metachromasia 


Brain sulfomucopolysaccharide 0.00, 0.30 0.00, 0.30 

Brain sulfomucopolysaccharide 0.00, 0.30, 0.00, 0.30 
plus cerebron sulfate . 0,50 

Cerebron sulfate 0.50 


Table 7, Re values on silicone-—impregnated paper in diisobutyl— 
ketonezacetic acid:water (40:25:5) of brain sulfomucopolysaccharide 


alone and with cerebron sulfate, and of cerebron sulfate alone, 
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dialysate of the 16 day sample, 

In both the 2 day and 16 day samples about half of 
the total radioactivity was in the fraction removed by precipi- 
tation after dialysis (page 13), Extraction of an aqueous sus- 
pension of the precipitates with five volumes of 2:1 chloroform: 
methanol revealed that 20 percent of the radioactivity in the 
2 day sample went into the organic phase, while 38 percent of 
the 4 day sample went into the organic phase, 

Extraction of the sulfomucopolysaccharide product 
of the 2 day and 16 day samples with five volumes of 2;1 
chloroform:methanol showed that 33 percent of the radioactivity 
in the 2 day sample and 50 percent in the 16 day sample went. 
into the organic phase. These results are summarized in Table 
8. 

Chromatography of the precipitate and of the organic 
extracts of the precipitate in isopropanol:ammonium formate 
and on silicone—impregnated paper in diisobutylketone:acetic 


acidswater showed in all cases metachromasia only at the origin, 


C. Turnover Studies 
1, Cerebron Sulfate 

The activity of labelled cerebron sulfate in brain, 
kidney, liver, spleen, and heart, after injecting s°°_sulfate, 
are summarized in Table 9 and Figures 1 and 2, 

For the brain the maximum incorporation of the iso- 
tope occured two days after injection, after which time the 
activity remained constant through the sixteenth day, there= 
after falling slightly. At the thirty-second day the level 
was three-fourths that found on the second day, 

By contrast, in liver, spleen, and heart the concen— 
tration of labelled cerebron sulfate was highest at 12 hours 


with only a small fraction present at. 48 hours, After four 
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mb Bun 


Percent of total brain Percent of Percent of 
radioactivity radioactivity radioactivity 


in precipitate in product 
Dialysate Precipitate extracted into extracted into 
organic phase organic phase 


Sample 
2 day 8 44 20 33 
16 day 0 48 38 50 


Table 8, Distribution of total radioactivity in rat brain 
2 and 16 days after injection of s°°_sulfate, and percentage 
of radioactivity in different fractions extractable into the 


organic phase of a water:chloroform:methanol system (3:10:5). 
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Figure 1, Turnover of Ss)" Sinbelled cerebron sulfate after 


injecting So saultate. Values for mastocytoma cerebron 


sulfate are based on one million cells to the milligram, 
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days the radioactivity hed virtually disappeared, In kidney, 
however, incorporation of gS? laettate was highest 24 hours 
after injection, and measurable radioactivity remained on the 
thirty-second day, But radioactivity as early as the eighth 
day was only one-fifth of the maximum, 

Cerebron sulfate extracted from mouse mastocytomas 
showed maximum incorporation 12 hours after administration of 
°° _sulfate, the activity falling off rapidly by 24 hours. 

The results are summarized in Table 10 and Figure l, 

The 24 hour samples containing the impure cerebron 
sulfate were carried through Lees' complete extraction procedure, 
and in addition chromatographed on silicic acid-impregnated 
paper in diisobutylketone:sacetic acid:water, The chromato~ 
graphic behavior of the radioactive material isolated from all 
organs and from the mastocytoma was identical with that of 
brain cerebron sulfate, 

Radioactivity found in the washed chloroform:methanol 
extract of plasma was not associated with cerebron sulfate 
but remained in the aqueous phase in the final wash (addition 
of potassium chloride, methanol, and water), When chromatography 
was carried out on silicic acid-impregnated paper in diisobutyl— 
ketonezacetic acid:water, the radioactivity remained at the 
origin; chromatography in butanol:acetic acid:water showed the 
major peak to be at Re 0.10 (Table 11). Radioactivity was 
greatest 6 hours after injection, decreasing greatly by 24 


hours (Table 11), The amount of radioactivity in the blood 


cells was not sufficient for chromatography, 


2's Sulfomucopolysaccharide 


The activity of labelled sulfomucopolysaccharide in 


brain, liver, kidney, lung, spleen, adrenal gland, heart, aorta, 
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Time after injection epm/10° cells Mocs 


(hours) (hours) 


6 3.9 
12 13 
24 4.1 20 


Table 10, Incorporation of s°°_sulfate into cerebron sulfate 


of mouse mastocytoma, 


== 


Sample cpm/ml He 
(hours after plasma butanol: acetic diisobutylketone; 
injection) acid:water acetic acid:water 
(50: 25:25) (40: 25:5) 
6 140,,000 
12 100,000 0.10 0.00 
24 34,000 


Table liso. vurtovrer vatevefis “Vabelled material. in chlovoe 


form:methanol extract of plasma after administration of cae 


sulfate, and Re values of the extract, 
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esophagus, stomach, small intestine, large intestine, skeletal 
muscle, perirenal fat, plasma, and blood cells after injecting 
g°°_sulfate are summarized in Table 12 and Figures 2, 3, and 4, 
With the exception of the brain the half life in all 
organs was relatively short ranging from a maximum of 40 hours 
for the kidney to 12 for the large intestine, There was insuf- 
ficient data to compute the half life of labelled sulfomuco- 
polysaccharides in heart, aorta, esophagus, and skeletal muscle, 
Brain sulfomucopolysaccharide had a half life of 
150 hours (Tables 12 and 13, Figure 2), considerably longer than 


for any other organ, 


D. Cortisone Administration 

Cortisone, at a dose of 10 milligrams per day for 
six days (a dose which killed three of eight rats), did not 
affect the uptake of s°°_sulfate into either the sulfomucopoly- 


saccharide or cerebron sulfate of the brain (Table 14), 
E, Cell Fractionation. 


1, Cerebron Sulfate 

fhe majority of the labelled cerebron sulfate was 
found in the mitochondrial fraction of the brain (Table 15), 
in the supernatant fraction of liver (Table 16), and the 
nuclei and debris fraction of kidney (Table 17), In all tissues 
the fraction containing nuclei and cellular debris was vari- 
able and generally highly radioactive. 

From thses tables it is also clear that intracell- 
ular distribution was not influenced by time: whether the 
organs were removed 12, 24, or 48 hours after injection, the 
distribution remained the same, With all organs recovery of 


cerebron sulfate from an aliquot of the total homogenate before 
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Large intestine 
Stomach 

Small intestine 
Kidney 

Spleen 

Lung 

Liver 

Adrenal giand 
Aorta 

Brain 
Esophagus 

Heart 

Plasma 
Perirenal fat 
Blood cells 


Skeletal muscle 


Hours after injection 


960,000 
670,000 
590,000 
370,000 
260,000 
230,000 
230,000 
210,000 
120,000 
81,.000 
80,000 
66,000 
32,000 
26 ,.000 
8 ,.000 


15 


460,000 
450,000 
440,000 
370,000 
190,000 
130,000 
110,000 
110,000 


87,000 
60,.000 
56,000 
18,000 
23,000 


24 


cpa/gram of tissue 


230,000 
190,000 
280,000 
290,000 
130,000 
140,000 
33,000 
110,000 
94,000 
94,000 
57,006 
48,000 
16,000 
10,000 
580 
58,000 


48 


150,000 
100,000 
51,000 
150,000 
100,000 
83,000 
21,000 
31,000 


76,000 
53,000 


5,000 


37,000 


—4 (eo. 


Tons 
(hours ) 


12 
18 
20 
40 
24 
30 
15 
18 


150 
24 


re 
14 


Table 12, Turnover-rate and half-life (t) z) of BP liabelled 


sulfomucopolysaccharide in various organs of the rat after in-. 


jection of So puttaties 
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Days after injection cpm/gram of tissue 


0.25 81,000 
0.5 87,000 
1 94,000 
2 76,000 
4 58,000 
8 56,000 

16 26,000 

32 25,000 


fable 13, Turnover-rate of s°°_1abelled sulfomucopolysaccharide 


in the brain after injection of s?>_sulfate, 
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Figure 3, Turnover of s°°_iabelled sulfomucopolysaccharide 


after injecting s°°_sulfate. 


. 


. 7 ae 
{ 
i ry 
i i ' 
id ee 
ny MAS ‘ 
1 ae i 
} ea 
i } 
i i 
we : nel 
: fal ; i nan 
‘ty py he a i 
yi 
1 
J ¢ 
. an 
; i 
f f 
; f 
. vi 
; Mi 
i T ’ 
I j ' tan 
1 ay iia? 
j f 
f 
. i oa i 
, ; 
i ; ; 
\ i pw 
é i { 
ea 
§ ey 


CPM x |O-/ GRAM 


=—43— 


Sole. el 
a ADRENAL “GUAND 
@ BRAIN 
A a HEART 
» PLASMA i 
© NORMA 
Opel 


Ze 


OURS TAF lah aNJEC TION 


5 


Figure 4, Turnover of s -labelled sulfomucopolysaccharide 


after injecting Si sulfate. 
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Product cpm/gram of brain 
Control Treated 

Sulfomucopolysaccharide 69,000 69,000 

Cerebron sulfate 21,000 23,000 


Table 14. Lack of effect of cortisone on the incorporation 
of S_gal tate into sulfomucopolysaccharide and cerebron 


sulfate of the rat brain, 
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Time after injecting So aut rate 
(hours) 


ie 24 48 


<= —==> ss 


cpm/gram percent cpm/gram percent cpm/gram percent 


Total homo— 


genate 22,000 
Nuclei and 

debris 7,500 37 10,000 33 — 6,000 37 
Mitochondria 8,300 43 15,000 50 7,500 47 
Microsomes 2,000 10 3,000 10 1,500 9 
Supernatant 2,000 10 2,000 7 1,000 4 
Percent 

recovery 140 


Table 15, Distribution of Soo earaeron sulfate in the brain 


12, 24, and 48 hours after injecting s°°_sulfate. 
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Time after injecting go cugeate 
(hours) 


12 24 48 


cpm/gram percent cpm/gram percent cpm/gram percent 


Total homo 


genate 2,600 
Nuclei and 

debris 1,300 30 1,000 29 300 53 
Mitochondria 400 9 350 10 60 11 
Microsomes 700 16. 750 22 100 18 
Supernatant 2,000 45 1,300 39 100 18 
Percent 

recovery 130 


Table 16, Distribution of a] oorebron sulfate in the liver 


12, 24, and 48 hours after injecting Sc cenlfate. 
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Time after injecting a” sulfate 
(hours) 


12 24 48 


cpm/gram percent cpm/gram percent cpm/gram percent 


Total homo= 


genate 42,000 
Nuclei and 

debris 16,000 aL. , 17,000 38 19,000 57 
Mitochondria 12,000 24 6,000 13 2,000 6 
Microsomes 16,000 31 17,000 38 10,000 31 
Supernatant 7,000 14 5,000 11 1,600 6 
Percent 

recovery 110 


Table 17, Distribution of s°°_cerebrom sulfate in the kidney 
12, 24, and 48 hours after injecting goo gultatex 
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centrifugation was less than the sum of the fractions, 
Fractionation of the mitochondria from the brain of 
two rats 24 hours after administration of = aalente revealed 
the bulk of the labelled cerebron sulfate to be in the super= 
natant fraction, while only 17 percent was in the mitochondrial 


membrane (Table 18), 


2. Sulfomucopolysaccharide 
The majority of the labelled sulfomucopolysaccharide 


was found in the microsome fraction in the brain, and in the 
nuclei and debris fraction of the kidney and liver (Table 19), 
If one neglects the fraction containing nuclei and debris the 
microsome fraction of both kidney and liver was the most radio- 
active, 

Fractionation of the mitochondria showed that the 
greatest amount of labelled sulfomucopolysaccharide was in 


the mitochondrial supernatant in all three organs (Table 19), 


F, MIncoporation of Potassium into Mitochondria 

No incorporation of ko po tacsian chloride could be 
demonstrated in the cerebron sulfate fraction of either brain 
or liver mitochondria, 

At the initial separation =~ the extraction of the 
aqueous suspension of mitochondria by 2:1 chloroform:methanol — 
all brain preparations had equivalent radioactivity with one 
exception, This was the unincubated control (to which Oi 
had been added after the addition of chloroform:methanol to 
inactivate the tissue), Here both aqueous and organic phases 
were more radioactive since the mitochondria had not been washed 
to remove excess Ko. The parallelism between all brain pre= 
parations including the inactivated control continued through 
all separations, The radioactive potassium followed the lipid 


phase until the final separation when it went into the aqueous 
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cpm/gram percent 
Debris 700 7 
Mitochondrial membrane 1,.700 17 
Supernetant 7,400 76 


Table 18, Distribution of S eeereprod sulfate in brain 


mitochondria 24 hours after injection of a? oepaltate. 
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Brain: Kidney Liver 


cpm/gram percent cpm/gram percent cpm/gram percent 


Total (sum) 38,000: 100 290,000 100 33,000 100 
Nuclei and 
debris 9,100 24 140,000 49 17,000 51 
Mitochondria 
(sum) 2,400 6 - 20,000 7 2,000 6 
debris 980 530 130 
membrane 0 1,100 70 
supernatant 1,400 18,000 1,800 
Microsomes 14,000 38 66,000 24 9,600 30 
Supernatant 12,000 32 58,000 20 4,200 13 


Table 19, Distribution of s°°_sulfomucopolysaccharide in brain, 


kidney, and liver 24 hours after injecting eo seulltate: 
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layer, the fraction not containing cerebron sulfate, Results 
for the incubated mitochondria and the inactivated coutrol 
are shown in Table 20, 

By contrast, very little ig went into the initial 
organic phase when liver mitochondria were extracted, Total 
counts in the aqueous phase were only one half that in the 
corresponding extract of brain mitochondria, while radioactivity 
in the organic phase was only one tenth that of brain, The 
radioactivity in subsequent fractions declined so that it could 
not be followed to the final wash of the cerebron sulfate product, 
Ss" sulfate and Eo ohosphate added to brain homogenates 
which had been inactivated in 2:1 chloroform:methanol distributed 
differently from + _notassium. The radioactivity gradually 
declined throughout the washes, and disappeared before the final 
wash, Similarly, c+? _potassium chloride added to a water; 
chloroform:methanol system (3:10:5) containing no tissue went 
into the initial water-wash; negligible counts appeared in 
subsequent phases, 

Chromatography of Separation III (see Table 20) 
showed that the radioactivity migrated as inorganic ie both 
in butanolz:acetic acid:water and on silicic acid-impregnated 


paper in diisobutylketone:acetic acid:water, 


G, Binding of Cerebron Sulfate with Amines 

The solubility of norepinephrine, S~hydroxytryptamine, 
histamine, and acetylcholine in the organic phase of a water: 
chloroform:methanol system (3:10:25) was higher in the presence 
of cerebron sulfate (Table 21). Approximately four micromoles 
of cerebron sulfate was used in each experiment, This quantity 
of cerebron sulfate brought into the orgenic phase (in addition 
to that amount soluble in the organic phase in control samples) 


approximately 0.5 micromoles of 5=-hydroxytryptamine, 0,5 micro— 
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Total cpm 


Incubated mitochondria Inactivated control 


Separation I 
a) aqueous phase 360,000 4,000,000 
b) chloroform phase 3,900 23,000 


Separation II 
petroleum ether, 
methanol ,water 
added to Ib, 
Upper phase 2,700 16,000 


Separation III 
water added 
Upper phase 2,300 14,000 


Separation IV 
potassium chloride, 
methanol, 
water added 
Lower phase 0 300 
(cerebron sulfate) 


Table 20, The lack of potassium—incorporation into brain 
mitochondria; a comparison between an incubated sample and 


an inactivated control, both fractionated for cerebron sulfate, 
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moles of acetylcholine, 0.4 micromoles of histamine, and 0,3 
micromoles of norepinephrine, The ratio of micromoles of 
cerebron sulfate to micromoles of added amine are shown in 


Table 21, 


H, Attempts to Transfer 3°°_sui fate from Cerebron Sulfate to 


Oe ee eee ee mae 


Sulfomucopolysaccharide 


No transfer of sulfur from a tebelled cerebron 
sulfate to sulfomucopolysaccharide in brain or mastocytoma 


homogenates could be demonstrated, 


1, Brain Homogenates Incubated with §°°-labelled Cerebron 
Sulfate 

Chromatography of the reaction mixtures in butanol; 
hydrochloric acid showed no evidence of the presence of inorganic 
Ss? gulf ates Chromatography in isopropanol: ammonium formate 
showed radioactivity only at the origin (s°°_1abelled cerebron 
sulfate and mastocytoma sulfomucopolysaccharide remain at the 
origin, oC inereanic sulfate has an R, of 0.75). Chromatog- 
raphy in butanolzacetic acids:water showed the major radioactive 
peak to be at Re 0.45, This was not cerebron sulfate, sulfo- 
mucopolysaccharide, or inorganic suifate (which have Re values 
of 0.95, 0.0, and 0,0 respectively), These results are sum= 


marized in Table 22, 


2. Mastocytoma Homogenates Incubated with s°°_iabelled Cere- 
bron Sulfate 

Chromatography of the reaction mixtures in butanol: 
hydrochloric acid showed no evidence of inorganic Ss? aalfate. 
Chromatography showed radioactivity at the origin in isopro= 
panols:ammonium formate and with the solvent front in butanol: 


acetic acid:water (Table 22), Cerebron sulfate chromatographed 
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Ry, values of radioactivity 


butanolzacetic acid: isopropanol;0,04 M 
water ammonium formate 
(50:25:25) (35:65) 
Brain homogenate 
reaction mixture 0,45. 0,0 
Mastocytoma homogenate 
reaction mixture 1,0 0.0 
Inorganic o Sewlitnte 
alone 0,0 0.75 
35 
S “-cerebron sulfate 
alone 1.0 0.0 
35 
S “-{mastocytoma sulfo= 
mucopolysaccharide 0.0 0.0 
alone 


Table 22, Re values of reaction mixtures of brain and masto—- 
cytoma homogenates after incubation with °° cerebron sulfate 
compered with inorganic sulfate, cerebron sulfate, and sulfo-— 
mucopolysaccharide, Contents of reaction mixture described 


on page 18, 
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Separation II 
to organic phase of Seperation I 
petroleum ether, methanol, water added, 
Upper phase 


Separation III 
water added, 
Upper phase 


Separation IV 
potassium chloride, methanol, 
water added, 
Lower phase (cerebron sulfate) 
Upper phase 
(Rp 0.15 in butanol:acetic acid:water) 


Total cpm 


Table 23, Extraction for cerebron sulfate of brain homo 


genate incubated with g°*_ sulfate, 
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in the same way. 


3, Brain and Mastocytoma Homogenates Incubated with ae 


Inorganic Sulfate 

Chromatography of brain and mastocytoma reaction 
mixtures revealed radioactive peaks in butanol:sacetic acid: 
water and in isopropanol:ammonium formate which migrated as 


inorganic sulfate, 


4, Brain Homogenate Incubated with g°°_Inorganic Sulfate 
and Extracted for Cerebron Sulfate 
Extraction of the reaction mixture yielded no 

labelled cerebron sulfate, The stages of the extraction are 
presented in Table 23, The radioactivity accompanying the 
cerebron suifate in steps I through III did not follow cere- 
bron sulfate in the final separation, Chromatography of the 
wash at step IV which contained the radioactivity revealed a 
major peak having an Re value of 0.15 in butanol:zacetic acid; 


water and an R, of 0.0 on silicic acid-impregnated paper in 


f 
diisobutylketone:acetic acidswater, The radioactivity was 
associated with ninhydrin-positive spots in both solvent sys— 
tems, From Table 3, it may be seen that both cystine and 


cysteic acid have similar R, values in butanol:acetic acid; 


f 
water, 


1, Autoradiography 


Autoradiographs of the rat brain 16 days efter in- 
jection of a? aul fate showed a distinct localization of 
redioactivity within the white matter as opposed to gray matter 
(Plates 1 — 6), 

Sections (comparable to those exposed for autoradio-= 
graphy) stained with toluidine blue showed no evidence of meta- 


chromasia, 
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Plate 1, <A section through the frontal 
lobes with concentration of radioactivity 


in the olfactory tracts, 


Plate 2, <A section through the thalamus 
with highest concentrations of radioactivity 
in the corpus callosum and secondarily the 
the white matter of the thalamus, caudate 


nucleus and pyriform cortex (olfactory). 


Plate 3, Greatest concentration of radio=~ 
activity in the internal capsule and the 


optic tracts, 
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Plate 4, Highest concentration of radio- 
activity in the lateral aspects of the 
brain stem, in particular in a pathway 
presumptively identified as the lateral 


lemniscus, 


Can 


Plate 5, Radioactivity greatest in the 
pyramidal tracts, the descending tract of 
cranial nerve V, the restiform body, and 


the white matter of the cerebellum, 


Plate 6, Radioactivity greatest in the 
pyramidal tracts, cranial nerve VII, the 
restiform body, and the white matter of 


the cerebellum, 
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VI, DISCUSSION 


A, Extraction of Cerebron Sulfate 

The method of extraction described by Lees (1956) 
was shown to produce a satisfactory yield of cerebron sulfate 
free of phospholipid contaminants present in extractions by other 
methods (e.g. Radin et al,, 1957), Chromatography in diiso~ 
butyliketonesacetic acid:water on paper impregnated with silicic 
acid or silicone separated cerebron sulfate from other lipid 
contaminants, Silicic acid—impregnated paper is more cumber— 
some to prepare than silicone-impregnated paper, but the solvent 
runs twice as fast; both give similar results, 

This method of paper chromatography, as well as sep= 
arating cerebron sulfate free from phosphate—containing 
substances, also separated it from another s°°_labelled com= 
pound present in the chloroform:methanol extract, the initial 
step in Lees' method, This other s°°_labelled substance, 
which appears to be taurine (Table 3, p 25), could also be 
removed by continuing Lees' extraction further, but the paper 


chromatographic method was far simpler, 


B, Extraction of Sulfomucopolysaccharides 


The presence of more than one sulfomucopolysaccharide 
in each organ was shown by chromatography. Metachromasia wes 
present both at the origin and in the vicinity of the solvent 


front in isopropanol: ammonium formate, with the majority of the 
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radioactivity associated with the migrating spot (Table 4y. 

p 26). On silicone-impregnated paper in diisobutylketone: 
acetic acidswater only brain sulfomucopolysaccharide produced 
two metachromatic spots, which, in the twenty four hour sample, 
were equally radioactive (Table 5, p 27). 

Distortion of the values for labelled sulfomucopoly- 
saccharides due to contamination with labelled cerebron sulfate 
would be serious only in the case of the brain, since the ratio 
of labelled cerebron sulfate to labelled sulfomucopolysaccharide 
is high only in this organ (Table 9, p 33 and Table 12, p 40). 

A study of the extraction of sulfomucopolysaccharides from the 
brain two and sixteen days after injection of ee sulfate showed 
that cerebron sulfate is probably removed by precipitation (page 
31), The radioactivity in the dialysate, which is present only in 
the two day sample, can probably be attributed to taurine (page 
24), The precipitate was shown to be metachromatic, indicating 
the presence of sulfomucopolysaccharide; the percentage of the 
radioactivity entering the organic phase on extraction with 

2:1 chloroform:methanol is less than the percentage of product 
sulfomucopolysaccharide which entered the organic phase, Since 
cerebron sulfate should enter the organic: phase almost totally, 
the preponderance of radioactivity remaining in the aqueous 
phase of the precipitate must be due to sulfomucopolysaccharide 
bound to coagulated protein, 

Although some cerebron sulfate may contaminate the 
sulfomucopolysaccharide product, these compounds can be separated 
by paper chromatography. An admixture of an aqueous suspension 
of cerebron sulfate showed a distinct radioactive spot indepen-= 
dent of the sulfomucopolysaccharide peaks, Furthermore, cere-— 
bron sulfate was not shown to be metachromatic (page 28) despite 


earlier findings (page 9). 
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C. Metabolism of Inorganic Sulfate 


1, Inorganic Sulfate in the Blood 

In these experiments one millicurie of Soo silrate 
was injected intraperitoneally, Depending upon the shipment, 
this amount contained 0,004 to 10 micrograms of sulfate, far 
less than the LD. for mice which is 1,2 grams per kilogram 
(Hoppe, 1951). 

More than ninety percent of parenterally administered 
inorganic sulfate is excreted in the urine and feces within 
48 hours (Dziewiatkowski, 1949). The sulfate ion is not reab— 
sorbed by the kidney tubule (Goodman and Gilman, 1956), and 
normally 0.17 mEq. of sulfate ion is excreted by rat kidney 
per day (Spector, 1956), 

After administration of a) inoreanie sulfate the 
isotope has been found in three forms in the serum: sulfur 
amino acids, inorganic ion, and sulfuric acid esters (Smith 
et al,, 1955), The association of forty percent of the iso- 
tope in the blood with a plasma compound migrating to the 
alpha globulin region during electrophoresis has been shown 
(Smith et al.,, 1955). Dziewiatkowski and DiFerrante (1957) 
demonstrated that five percent of the isotope associated with 
the protein was présent as cystine and methionine, the re- 
mainder as sulfate; after digestion with trypsin and precip— 
itation of the protein with trichloroacetic acid, 30 percent 
was recovered as part of a non-dialyzable component containing 
glucuronic acid and hexosamine, 

Denko and Priest (1959) showed that within two hours 
of intraperitoneal injection of inorganic sulfate it is absorbed 
by the maternal rat, transported and excreted in the milk where 
it is absorbed by the suckling rat and localized in its con- 


nective tissue; they also showed that during intrauterine 
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growth the embryo utilized sulfate from maternal tissues, 

Dziewiatkowski and DiFerrante (1957) showed the 
incorporation of s°salfate into erythrocytes and leukocytes 
within 20 hours after intraperitoneal injection of labelled 
inorganic sulfate, the uptake being greater in white cells 
than in red, Lajtha, Ellis, and Oliver (1953) incubated gs 
sulfate with human bone-marrow cells in vitro and showed up- 
take in the myeloid series with no incorporation into lympho- 
cytic and erythropoietic elements, These conflicting reports 
might be explained on the basis of adsorption of heparin by 
erythrocytes, which has been shown to occur (Roth ond Frumin, 
1958). 

Only a slight amount of radioactivity was shown in 
the blood cells in the extraction for cerebron sulfate in the 
present experiment, and probably represented a plasma contam- 
inant (page 36), Labelled sulfomucopolysaccharide was found 
in plasma and blood cells, the radioactivity being four times 


higher in plasma then cells (Table 12, p 40). 


2, Incorporation of Inorganic Sulfate into Specific Compounds 


So eultate has been shown to be incorporated into 
brain cerebron sulfate (Holmgard, 1955) and cartilage sulfo- 
mucopolysaccharides (Dziewiatkowski, 1951), Bostrém and Aqvist 
(1952) could show no incorporation of parenterally administered 
inorganic sulfate into cystine of the rat liver from two to 
48 hours after injection, although a small amount was incorpor- 
ated into teurine at all time periods, Machlin et al., (1955) 
showed that inorganic sulfate is not used in cystine synthesis 
in the chick embryo, but that 65 percent of the injected sul- 
fate is incorporated into taurine, The mechanism of the in- 
corporation of sulfate into taurine bypassing cystine has not 


been elucidated, 
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Dziewiatkowski (1954) was able to show the incor— 
poration of a small fraction of parenterally administered 
inorganic sulfate into cystine of the skin, musculoskeletal 
system, and internal organs. However the possibility that 
the labelled cystine might represent conversion by bacteria 
was suggested, Awapara and Wingo (1953) showed the conversion 
of cysteine to taurine in rat liver, Previously the pathway 
generally assumed had been via cysteinesulfinic acid and cysteic 
acid, but they showed in liver that cysteinesulfinic acid is 
decarboxylated to beta-aminoethanesulfinic acid (i.e, hypo- 
taurine) which is then oxidized to taurine, Hope (1957) has 
shown that the taurine content of the rat brain is relatively 
high (64,1 © 13,1 milligrams per 100 grams brain), and that 
the brain, unlike liver, is able to make taurine without pyri- 
doxine, 

Gaitonde and Richter (1957) reported the incorporation 
of labelled sulfur into taurine of brain slices incubated 
with g° > methionine, A small percentage of labelled sulfur 
present in lipids after incubation has been attributed to the 
incorporation of methionine into proteolipids (Clouet and 
Richter, 1959). 

g°?_labelied taurine was shown to be present in the 
chloroform:methanol extract of the brain of rats 24 hours 
after injection of S°°-sulfate (Table 3, p 25), which is in 
accord with the above ideas of inorganic sulfate incorporation, 
Its presence would imply a slight solubility in 2:1 chloroform; 
methanol, On washing this extract with water, the taurine 
went into the aqueous phase, Compounds which contained geo. 
sulfur would not have been detected in this procedure unless 
soluble in chloroform:methanol since no search was made to 
identify labelled compounds in an aqueous extract of the brain, 


The brain homogenate which was incubated with pe 
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sulfate was shown to contain a compound migrating with an 
Rp value of 0,15 in butanol:acetic acid:water (page 57). 
Other sulfur-containing compounds which migrate similarly 
are cystine and cysteic acid, Since cysteic acid has been 
regarded chiefly as a (minor) intermediate in the pathway 
between cysteine and taurine, it is likely that the labelled 
compound is cystine, although further work is necessary to 


identify this compound, 
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Asboe=Hansen (1954) showed that cortisone inhibited 
the uptake of s°°_sulfate by mast cells, Layton (195la) 
demonstrated the inhibition by cortisone of chondroitin sul- 
fate in embryonic and wound tissue in vitro. Layton (1951lb) 
also showed that a dose of cortisone of 20 milligrams per 
kilogram per day given to rats for 14 days inhibited the syn- 
thesis of chondroitin sulfate in the skin, Bostrom and 
Odeblad (1954) showed an inhibition of sulfate uptake into 
chondroitin sulfate with a dose of cortisone of 10 milligrams 
per kilogram per day given for five days. 

In the present experiments no effect on the incor= 
poration of Goo aulfate into brain cerebron sulfate or brain 
sulfomucopolysaccharide could be demonstrated when cortisone 
was given in a dose of 67 milligrams per kilogram per day 
for six days (Table 14, p 44). This dose approached the LD. 
for rats, three out of eight dying. Therefore the lack of 
effect must be ascribed either to lack of sufficient levels 
of cortisone in the brain (as contrasted to the tissue levels 
in other experiments) or to a different mechanism of incor= 
poration unaffected by cortisone, 

Zachariae (1958) showed that estrogen and proges— 


terone have a varying effect on sulfomucopolysacchearides of 
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the rabbit female reproductive tract depending upon the loca= 
tion within the tract, Johansson and Westin (1959) showed 

that the effect of estrogen on mast cells is different within 
the reproductive tract and the skin, It seems clear from these 
results that the effect of a hormone on the sulfomucopolysac— 


charides of one tissue need not be the same in another tissue, 


Dd, Biosynthesis of Cerebron Sulfate 


1, Synthesis of Sphingosine 
Brady and Koval (1958) have shown the incorporation 


of serine into Carbons 1 and 2 of sphingosine with Carbons 3 
to 18 arising from palmityl coenzyme A, using enzyme prepar— 
ations obtained from the brain of young rats, Maximal enzyme 
activity was found in the supernatant fraction, Further 
studies revealed that palmitic aldehyde can serve as a pre= 
cursor in the absence of coenzyme A (Brady, Formica, and Koval, 
1958); the aldol condensation in the synthesis of sphingosine 
(between palmitic aldehyde and the activated methylene group 
of serine) has been offered as a model for the synthesis of 
fatty acids (a condensation of aliphatic aldehydes with the 
activated methylene group of malonyl coenzyme A (Brady, 1958)). 
Zabin (1957) has demonstrated the formation of 
labelled ceramide (N=acylsphingosine) from re 2) serineeincas 


bated with a brain homogenate, 


2, Synthesis of Cerebrosides 

Burton, Sodd,, and Brady (1958) have demonstrated 
that the microsomal fraction of rat brain contains the enzymes 
necessary for the incorporation of glucose and galactose into 
cerebrosides, They proposed that with either glucose or galact= 


ose the incorporation is by means of the reaction between 
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UDP=-galactose and an acceptor forming cerebroside and UDP, 
Growth-promoting activity in extracts of Lacto- 
bacillus casei has been attributed to alpha-hydroxy fatty 
acids; it has been suggested that they are metabolic precur= 
sors of cerebrosides since cerebrosides have an alpha—hydroxy 


fatty acid as a constituent (Camien et al., 1958). 


3. Sulfate Incorporation 


Suzuki et al. (1957) proposed e mechanism for sul- 
fation of carbohydrates in which sulfur is transfered from 
PAPS (adenosine~3'-phosphate-5'-phosphosulfate) to phenol, 
and from this aryl sulfate to carbohydrate, Recently Suzuki 
et al, (1959) have shown the incorporation of sulfur from 
para—nitrophenyl sulfate into charoninsulfuric acid (a mix= 
ture of glucan polysulfates) in the presence of a cell-free 
extract of the mucus gland of Charonia lampas., 

Other evidence suggests that an aryl sulfate is 
not necessarily an intermediate for the formation of ester 
sulfates, Kaji and McElroy (1958) showed that in Aspergillus 
syndowi choline sulfate is formed although the organism cannot. 
sulfate p-nitrophenol, Similarly Pasternak (1959) showed that 
the mastocytoma identical with the one used in these studies, 
which forms cerebron sulfate and heparin, cannot transfer sul= 
fate from PAPS to p-nitrophenol, although the tumor forms 
PAPS, 

Lipmann (1958) suggested a direct transfer of a 
galactose sulfate derivative to ceramide in the synthesis of 
cerebron sulfate, In Lipmann's laboratory, Goldberg and Del- 
briick (1959) reported the transfer of sulfate from PAPS to 
lipids, mucopolysaccharides, and aminoalkyl phenols by liver 
and brain particulates. Suzuki (1959) isolated an enzyme from 


the oviduct which catalyzed the transfer of sulfate from PAPS 
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to mucopolysaccharides, He did not mention the formation 
of aryl sulfate but showed that uridine nucleotides were not 
intermediates, 

In all organs except the brain the capacity to in- 
corporate sulfate into cerebron sulfate paralleled the capac- 
ity to incorporate sulfate into sulfomucopolysaccharide, fhis 
parallel suggests that the same or similar mechanism exists 
for incorporating sulfate into both compounds, fhe inordinately 
high incorporation of sulfate into cerebron sulfate of brain 
probably reflects the extremely high levels of this compound 
in brain, and if data were available on specific activity, it 
is likely that this divergence would not exist, 

Radin et al, (1957) have shown similar turnover curves 
for cerebron sulfate using E sealactoes and 5 Ssnl fate. 

They found cerebrosides underwent turnover whereas cerebron 
sulfate did not, the latter having a slower uptake of ¢'*. 
galactose which was interpreted as consistent. with cerebron 
sulfate arising from cerebroside, Burton et al, (1958) sug— 
gested that the turnover of the cerebroside fraction is limited, 
but that other glycolipids are formed via cerebroside precursors; 
hence labelled cerebroside would be transformed to other glyco— 
lipids rather than metabolized, and new cerebroside would he 
formed largely from unlabelled hexose in such experiments, 

The observations of Radin on the turnover of brain cerebron 
sulfate were confirmed and extended to 32 days, at which time 
there was a slight decline in radioactivity indicating slow 
catabolism of the compound, 

The biosynthesis of cerebron sulfate is summarized 
in Table 24, 
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Table 24, 
thesis of cerebron sulfate, 
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4,. Catabolism of Cerebron Sulfate 

The present work and that of Radin et al, (1957) 
have shown that catabolism of cerebron sulfate proceeds very 
slowly in the brain, However the present work also shows that 
cerebron sulfate does undergo marked catabolism in all the 
other organs studied (kidney, heart, liver, spleen), The 
identity or fate of the metabolites is not known, No transfer 
of labelled sulfate could be shown from cerebron sulfate to 
sulfomucopolysaccharides in mastocytoma or brain homogenates, 
Chromatography of the brain homogenate showed the isotope 
migrated differently from cerebron sulfate (Table 22, p 55), 


indicating either an alteration of R, values of unaltered 


cerebron sulfate due to the ee of the homogenate, or 
to alteration of cerebron sulfate by the homogenate, The 
latter is not likely since brain in vivo shows negligible 
catabolism of the compound and since mastocytoma which in 
vivo catabolyzes cerebron sulfate did not in this in vitro 


experiment, 


E. Distribution of Cerebron Sulfate 

Cerebron sulfate was found in all organs in which 
it was searched for (brain, kidney, heart, liver, spleen) 
and in mouse mastocytoma, It could not be isolated from beef 
pineal gland, It seems reasonable to assume that it, as other 
lipids, is a normal constituent of animal tissue in general, 

No determinations of total content of cerebron 
sulfate in the organs were undertaken, On the basis of maximum 
incorporation of g° caulfate into cerebron sulfate per gram 
of organ, the organs would rank as follows, in decreasing order: 


kidney, brain, liver, spleen, and heart, 
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F, Distribution of Sulfomucopolysaccharides 


Sulfomucopolysaccharides were found in all organs 
in which they were searched for (Table 12, p 40), No attempt 
was made to determine the total quantity present in any organ, 
but marked differences between the amount of incorporation 
of s°°_sulfate into the sulfomucopolysaccharides of various 
organs was demonstrated,. In particular a variety of uptake 
was exhibited by the intestinal tract, 

Previous workers had determined the content of 
heparin in various organs (Jaques et al., 1954; Monkhouse, 
1956; and Monkhouse et al., 1957) and acid mucopolysaccharide 
content of several human tissues (Bollet et al,, 1958), The 
only study dealing with the rat (Monkhouse et al., 1957) 
showed highest levels of heparin per gram of tissue to be in 
the skin, followed by lung, kidney, liver, heart, and spleen, 

Lewison et al, (1951) and Dziewiatkowski (1953) 
determined the content of radioactivity in various organs of 
adult rats at different times after injection of SB <enl tate: 
Their data are presented (in terms of ratios) in Table 25 along 
with data on the labelled sulfomucopolysaccharide content of 
various organs (taken from Table 12, p 40), The most striking 
difference is in values for the intestinal tract which are 
much higher in ae content than in labelled sulfomucopolysac— 
charide content compared to the other organs, 

Lajtha et al, (1953) proposed that @ Saaifate 
incorporation into the myeloid series of blood cells was in 
the form of a compound similar to chondroitin sulfate, al-— 
though no metachromasia could be demonstrated, Odell and 
and Anderson (1957) reported the isolation of a sulfomuco- 


polysaccharide from blood platelets, 
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Lewison This work. Dziewiatkowski 
Tet al. a ~ (1983 
(1951) 
Intestine 14,9 450 260 47.57 
Kidney 3.2 370 300 6,42 
Spleen 1,9 190 130 4,20 
Liver 1,9 110 33 3,67 
Lung 1,8 130 140 3.50 
Heart 0.8 56 48 1,63 
Musele 0.3 38 0,65 
Brain 0.4 37 94 0.70 
Plasma 1,6 18 16 
Blood cells 1.9 0,58 
Adrenal gland 1,2 110 110 


Table 25, Comparison of experimental data on oo ea abekied 


sulfomucopolysaccharide with reported content of g°° in 


rats after administration of S Sulfate. 
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G, Turnover of Cerebron Sulfate 

The outstanding feature of the turnover studies 
is the sharp distinction between the turnover rate of brain 
(negligible) and the other organs (variable, but at a much 
more rapid catabolic rate), No other compounds have been shown 
both to be synthesized and to undergo no catabolism in the 
adult animal, 

Waelsch et al, (1940) using deuterium oxide dem— 
onstrated that although cholesterol is synthesized in situ 
rapidly during myelination, the synthesis stops when myelination 
is complete, This work was later confirmed by Srere et al, 
(1950) using €) nestate,. Bavisou et al, (1958) showed that 
the rate of disappearance of labelled cholesterol injected 
into the yolk sack of newly—hatched chickens was slower in 
the brain than liver, a large part still being present after 
150 days. It is clear, however, that lack of turnover of 
cholesterol (with its lack of synthesis in the adult) is not 
comparable with that of cerebron sulfate, 

Davison and Dobbing (1958) showed the persistence 
of p??_phosphatide in the brains of rats 70 days efter ad- 
ministering P oohosphate to 16 day old rats, There are no 
reports of the persistence of phosphatides in the adult rat 
brain, Folch (1955) reported that total phosphatides in the 
mouse brain either remain constant, or decline with age, an 
observation incompatible with continuous synthesis without 
turnover, Marinetti et al, (1958) investigated the turnover 
rate of labelled phosphatides in liver, kidney, lung, spleen, 
and heart of adult rats given p> phosphate, In the adult 
rat brain, Radin et al, (1957) demonstrated the turnover of 


other galactolipids (cerebrosides and strandin), 
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H, Turnover of Sulfomucopolysaccharides 


The turnover-rate of °° labelled sulfomucopoly— 
saccharide was shown to be of the order of one day for all 
organs except the brain, which had a much slower turnover— 
rate (150 hours), As with cerebron sulfate, the turnover-— 
rate of kidney sulfomucopolysaccharide was slightly slower 
(40 hours) than that from other organs (Table 12, p 40). 

While 75 percent of labelled brain cerebron sulfate 
was present after 32 days, only 25 percent of labelled sulfo- 


mucopolysaccharide remained (Figure 2, p 35). 


I, Location of Cerebron Sulfate and Sulfomucopolysaccharide 
1, Autoradiographic Localization within the Brain 

Bostrom and Odeblad (1953) injected °° sulfate 
into adult rats and killed them 48 hours later, Autoradio— 
graphs showed the isotope to be localized within the gray 
matter of the brain rather than the white, highest concentra— 
tions being in the cerebral and cerebellar cortex and the 
choroid plexus. This activity was attributed to labelled 
sulfomucopolysaccharide, although the possibility that it might 
represent sulfolipid was mentioned, 

Studies of the S$?" iphetled compounds present in 
the brain 48 hours after injection of Seal tate revealed 
that labelled sulfomucopolysaccharide and cerebron sulfate 
accounted for almost all of the radioactivity (page 31). 
Since labelled sulfomucopolysaccharide is present in higher 
concentration than labelled cerebron sulfate (ratio of 16:47; 
Figure 2, p 35), these autoradiographs probably do represent 
localization of sulfomucopolysaccharide, 

Autoradiographs taken 16 days after injection of 


°° sulfate showed the activity to be localized in the white 


oH 


sohinedoocey logo oumot Lae Je Severe 


-yloqoonmet isa boli¢dieix 2 to edatmieveniud ad? 
{is 10% yab su0 Yo ashi0e os toed 93) Mmworle vaw eshitedoogn 
-—1erontst wweels deypm 5 beat doitdw ster gag JEOORS BaD TO 
—revonius od ,odstiva noidesic9 déiw ad .(ais0d G61) odga 
tewola yitdaila aaw shixsilooseyleqeoume? tua youbia to odax 
.(02 q .2f efdat) aasy1o tedde sot dads madd {aaved 0d) 

statiua noideveo aisid bellodsl to Teooteq GY olidW 
-otiva balisdai te dassieg 68 zine .eyeh Sf tsdis Juezeng: eaw 
(88 q .& stwgQiT) bemiamet obirsdoosayl oqooum 


sbiitsdoonayloqoosmotiua baa eta tiua fRoideis) to moidasod 41 


gist: oft giddiv moivesifesod oitgatzetbatedua 1 
etatine "2 bodosgni (86CL}) beldsbO bug mad eed | i. 
~ofbstodu, i9tel aivod 8h modd balliz baa ater dtlshe, oda 


Ytg odd aiddiw bosilssol od od sqetoai ofd howola adqeiy 


-s1sa99005 Jaadgid ,stidw of apd teddg7 tiow oft, to reddom 
edd bas zadteo tailedotss bas Isadeige sds ai Quied aacit 
boliedal od bodudintés asw ydividon oidt -anxelg biorodae 

Jilgim dt todd ytilidiaeog sad dguodéin .obinndoesay Loqoonmotiasa 
benoltausm saw hiqilotiva Jdaeanesiges 


nr sooretqg absroqmos bs [latig la" e elt Yo asitbude, 


bolsaaver otat lve 2 to neitvosfai awsdts eavol Si mietd ode 
ewalliva voidotso bos sbitadooserloqosumetiua bolledal tadd 
-(18 ogeg) ysividosoibsy edd Yo ifs daomla 104 Ded tues de 
teduiil mi dnsasiq ai shbitsdoosayloqoonmetiua beliadsl sonk? 
tTH:87 Yo oidet) statina aotdets9 badfledal tents cotiteatsusends 
Jnsaetqe’ ob ¥ldaderg angntpothatedus sacks e(S8 gq eS otrged 
-Sbitshooaeylogosumotsuve to noivesilsool 

to aoisosjoi tovia aveb 81 weadad atiqatmoibatosiud 


stitnw alt si bexiflpnaol sd ot Yiivitos eft howoda etatine-“’@ 


—( 5— 


matter (page 57). At that time all radioactivity in the brain 
was in the form of cerebron sulfate and sulfomucopolysaccharide 
(Table 9, p 33). The former is in greater concentration than 
the latter at this time (ratio of 47:26, Figure 2, p 35), 

These autoradiographs were considered to represent cerebron 


sulfate localization in the white matter of brain, 


The localization of cerebron sulfate within the 
white matter of the brain does not preclude its participation 
in neural activity, Wolf et al. (1956) demonstrated the high 
metabolic activity of satellite cells (the cells in the white 
matter) by means of the reduction of neotetrazolium, and Korey 
and Orchen (1959) showed the ratio of respiration of neuronal 
to non=-neuronal cells of the corpus callosum to be 11:1, 
Roberts et al, (1958) found the axoplasm of the giant squid 
axon to be relatively deficient in enzymes of the citric acid 
cycle, in contrast with the axon sheath (composed chiefly of 
satellite cells). 

Peters and Muir (1959) demonstreted that in the 
development of peripheral nerves in the rat, Schwann cells 
proliferate in great numbers before myelination occurs; 
neural activity occurs with the proliferation of the satellite 
cells before myelination; and the onset of function is depen-— 
dent upon isolation of axons by Schwann cells, However, Hild 
(1957) has observed in tissue culture that myelin forms around 
newly formed axis cylinders of Purkinje cells; the glia could 
not be shown to be involved in myelination, 

Windle (1958) proposed that glia are engaged in 
active transport of nutrients from vasculature to neurons, 
Wyckoff and Young (1956) found that glial protoplasm occupies 


all the tissue not filled by neural elements — no matrix is 
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present; hence exchange between capillaries and neurons must 
take place by diffusion through glial protoplasm, Tasaki and 
Chang (1958) showed electrical activity in glia of the cat 
brain, But the function of Schwann cells and glia has not 


yet been definitively demonstrated, 


3, Cell Fractions 

In general, it has been proposed that the mitochon—- 
dria of the cell are concerned with the citric acid cycle, 
oxidative phosphorylation, fat oxidation, and secretory 
activity; the microsomes with protein synthesis; and the 
supernatant with glycolysis (Rossiter, 1957), 

The possibility existed that the different location 
of cerebron sulfate within cells of different organs was a 
function of time, Accordingly the cerebron sulfate was extrac— 
ted at various times after injecting the labelled sulfate; 
the relationship between the fractions remained essentially 
the same, Calculation of the intracellular distribution of 
cerebron sulfate based on nitrogen content or mass of the 
various fractions (Mellett and Woods, 1959) did not signif- 
icantly alter the relationships. The fact that cerebron sul— 
fate is localized in different fractions of the three organs 


studied is unexplained, 


a) Brain 

Labelled cerebron sulfate was found in greatest 
concentration in the mitochondria, and in highest concen= 
tration in the supernatant fraction of mitochondria (Table 
14, p 44 and Table 18, p 49). Labelled sulfomucopolysaccharide 
was present in greatest concentration in the microsomes 
(Table 19, p 50). 

Brady and Koval (1958) showed the supernatant 


Seum anotuen ban asiteiliqas payee eypasloxe ooned gineastg 
ous tdeasl mealqotorg tails Aquoild motanttid te sbalg eed 
tgo ofd Yo sifg ni Ybividos Inottdoele: howods (88¢1) gandd 
vou ast siiz bus aileo uvawic® to moktoout odd Su cotead 
-bodaitenomeh ylovisiaiteb noad sey 


asoissatd Iied 6 
-Hodoodim sid Jadd heacgony coed asi di plowseg aly / 


eofovo bios oftdlo aid ddiw beaxeoues- ate [lon ale to sith 
yrode2982 bes .roidahize tet yaottelyacdqaodg evidabixe 
odd bis geiasivuys misto1rq déiw aamonotoim sad RYSivivos 
-(i3@L ,1ediee0) ainyTooria idiw dusdauiteqsa 

“okissel sugietiih oe said hedaixe Ytlidiagog edF) © 9)! 0s 
6 S4¥ afeyio SJneietlib to alleo middiy stating mandates ko 
~watexe eaw edstiva rowers: ed vigeibroosa: Mid Yo wotsonst 
rodatinve beliedal sit ecivgoetut tosts eens amoi¢ey ta bed 
Yilsidaszac hentanos ancidoat? ghd asawisd qidscotteles ade 
to soisudixdaih aalotlesaiwat edd Lo sottalivetad sone od 
oid To aasm 10 énotuos negotdin mo bsaad odetina roidsr1ss 
~tiagia Joo Stb (@6@L ,abooW bra tellou) aacidzaxd asottey 
-fcn noiwdet69 dade dog? onl? -agidenottaley oft aadis yleaeot 
HNZts Sots od to amoidontt snguettib ai box tiscol ab otek 
sbocialgxeny at bethyde 


Bisel (s 

¢astaory afi bovet anw otativia notds-t94 bol Lodal 
“899009 Jeeuyid of bes paitbaodsod im okt ak notdntéasanes 
sidal) sinbavivod im to aot} dard dnodinnieqee edd ai aoidays 
oliadooseyloqooumot iva bal ladgul ~(@b g ~8f efdaT hoe Be q at 
29moso osm ofS af noisntd aeotes Saotaety ai sooeertg ‘aaw 
f o(0E gq yOl efdgt) 

Soatantegua edd howods (8601) Tave? hrs ho wi 


ay Oy 


fraction to be the most active portion of rat brain for the 
synthesis of sphingosine; Burton et al, (1958) found that the 
microsomes contained the enzymes necessary for the ineorpor- 
ation of glucose or galactose into cerebrosides; and Gold- 
berg and Delbriick (1959) showed that the transfer of sulfate 
from active sulfate to lipid took place in the particulate 
fraction, 

Tyrell and Richter (1951) found phosphatides to be 
concentrated in the nucleus, and cerebrosides in the cyto— 
plasm, Petersen and Schou (1953) showed the concentration 
of phospholipid to be lowest in the supernatant fraction, with 
sphingomyelin and cephalin localized mainly in mitochondria 


and lecithin in microsomes, 


b) Liver 

Labelled cerebron sulfate was found in greatest 
concentration in the supernatant fraction (Table 16, p 46),. 
while labelled sulfomucopolysaccharide was again found in 
greatest concentration in the nuclei and debris, with next 
highest concentration in the microsomes (cf. brain) (Table 
19, p 50). 

Swanson and Artom (1950) found no evidence for any 
cerebroside in liver mitochondria, They found the lipid con- 
tent of mitochondria to be composed of 79 percent phospho— 


lipid, 4 percent cholesterol and 17 percent neutral fat, 


c) Kidney 


Both cerebron sulfate and sulfomucopolysaccharide 
were found in greatest concentration in the fraction con 
taining nuclei and debris, The next highest level for both 
was in the microsomes (Table 17, p 47 and Table 19, p 50). 


If the fraction containing nuclei and debris is 
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regarded as being heavily contaminated with only partially 
broken cells, then the microsome fraction in the case of 
all three organs contained the greatest concentration of 


labelled sulfomucopolysaccharide, 


4. Brain Mitochondria 

Brody and Bain (1952) found brain mitochondria to 
vary more in size and shape than liver mitochondria, the 
average size of brain mitochondria being two times that of 
liver, They also reported the presence of the majority of 
the citric acid cycle intermediates in the mitochondria, and 
no evidence of glycolytic activity, Dahl and Samson (1959) 
found an increase in the ratio of mitochondrial protein to 
total protein in the rat brain from the fifth to twenty-first 
postnatal day, the ratio then becoming constant; they also 
found the ratio of oxygen utilization to grams of mitochon— 
drial protein to be constant during this period, 

Wolfgram and Rose (1957) showed that the mito- 
chondria of glia move about in the processes, and were gener= 
ally present in the terminal portions, Wyckoff and Young 
(1956) noticed the presence of mitochondria at the point of 
contact of oligodendroglia with neurons, the greater part of 
the surface of the neuron being covered by these mitochondria= 


containing processes, 


J. Potassium Binding 

Stanbury and Mudge (1953) showed in liver mito- 
chondria a, bound form of potassium which was not displaced 
by sodium, but exchanged with inorganic potassium, Gamble 
(1957) found that in mitochondria and mitochondrial fragments 
potassium binding was linked with oxidative phosphorylation, 


The intracellular association between cerebron 
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sulfate and potassium (Blix, 1953; Folch, 1947) has previously 
been mentioned (page 8). Solomon et al, (1956) investigating 
a cation~carrier in the blood found labelled potassium in a 
lipid extract of the blood (extracted with 2:1 chloroform: 
methanol); they studied the uptake of potassium and sodium 

in chloroform extracts of purified lipids including phospha- 
tidyl serine and acetal phosphatide, but not cerebron sulfate, 
Kahn (1958) proposed that a lipid component of the plasma was 
attached to the red cell membrane for maximal transport; he 
found that calcium decreased the potassium influx, although 
neither strontium nor magnesium did, 

In the present experiments (page 48; Table 20, p 52) 
no incorporation of inorganic sulfate could be shown in cere 
bron sulfate of brain or liver mitochondria on numerous attempts 
under a variety of experimental conditions, ‘Therefore it 
seems that cerebron sulfate is not engaged in potassium 
binding in mitochondria, The localization of cerebron sulfate 
in the mitochondrial supernatant {i.e., not in the mitochon- 
drial membrane; Table 18, p 49) is against its involvement 
in potassium binding since Gamble (1957) showed that the 
binding could be accounted for by the digitonin fragments, 
which are roughly equivalent to the membrane fraction, Fur— 
thermore, although cerebron sulfate may exist in the blood, 
no evidence of incorporation of labelled inorganic sulfate into 
cerebron sulfate of the plasma or blood cells could be shown 
(page 36). Hence it seems unlikely that cerebron sulfate 
could be the proposed lipid involved in potassium transport 
in the blood, 

The accompaniment of inorganic potassium with cere= 
bron sulfate through the extraction procedure (described on 
page 11) until the final wash (Table 20, p 52) can probably 
be attributed to the fact that in the extraction procedure 
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cerebron sulfate is located in the more polar phase of 
washes II and III (Table 20, p 52). Thus if a compound 
is sufficiently lipid-soluble to distribute itself in the 
organic as well as the aqueous phase of a water:chloroform: 
methanol system (3:10:5), but if it were much more water~ 
than lipid-soluble, then it would follow the extraction as 
the labelled potassium did: most would go into the aqueous 
phase in wash I3 the small portion in the organic phase 
would follow cerebron sulfate in the more polar phases of 
washes II and III, but at wash IV would remain in the aqueous 
_ phase while cerebron sulfate was partitioned into the less 
polar phase, 

It was found that inorganic potassium added to 
a water:chloroform:methanol system (3:10:5) without brain 
tissue did not go into the organic phase at wash I (page 
51). Similarly inorganic phosphate and inorganic sulfate 
did not follow cerebron sulfate (page 51). It would seem, 
therefore, that in brain mitochondria some substance exists 
which makes inorganic: potassium slightly lipid~soluble and 
that this is not an active metabolic process, No such 
substance seemed to be present which would make inorganic 
phosphate or sulfate lipid-soluble, In the case of liver 
mitechondria the inorganic potassium did not follow cerebron 
sulfate to the final wash (page 51), and it would therefore 
appear that no substance was present in liver mitochondria 


which would make inorganic potassium lipid=soluble, 


K, Binding of Amines 

Norlander (1950) showed that lecithin formed 
ether-soluble complexes with epinephrine and norepinephrine, 
and Hirt and Bechtold (1958) found that synthetic lecithin 


made histamine soluble in chloroform, 
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The results in Table 21 (page 54) show that cere— 
bron sulfate forms lipid-soluble complexes with 5—hydroxy-— 
tryptamine, acetylcholine, histamine, and norepinephrine; 
all complexes are of the order of magnitude of 10 moles of 
cerebron sulfate to one mole of amine, 

It is uncertain whether it is a property of a variety 
of lipids to form complexes with endogenous amines, or whether 
it has a functional significance with those tested, Woolley 
(1958) extracted a lipid from the brain,. spinal cord, stomach, 
and colon which formed a lipid-soluble complex with 5-hydroxy— 
tryptamine; this "serotonin receptor" is unstable and hence 
is not identical with any described lipids, According to 
Woolley's calculations, there is enough of this receptor per 
gram of brain to bind 1,4 micrograms of 5—hydroxytryptamine, 
In the present studies, four milligrams of cerebron sulfate 
was shown to make 200 micrograms of 5—hydroxytryptamine lipid- 
soluble (Table 21, p 54). Cerebron sulfate comprises 0,2 
percent of the gray matter and 1,2 percent of the white matter 
in the brain (McIlwain, 1959), In one gram of white matter 
there would be 12 milligrams of cerebron sulfate, enough to 
bind 600 micrograms of 5-hydroxytryptamine, 400 times the 
binding capacity of Woolley's postulated receptor, The quan= 
tity of amine bound by the cerebron sulfate in one gram of 
gray matter would be 100 micrograms, more than 60 times the 
binding capacity of Woolley's postulated receptor, Cerebron 
sulfate could be much more important quantitatively in the 
binding of 5-hydroxytryptamine, Recently Woolley (1959) has 
proposed a compound different from known lipids as an "acetyl- 
choline receptor", No data are available on the capacity of 
this receptor, 

The location of endogenous amines within the central 


nervous system (Paton, 1958) shows no correlation with the 
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location of cerebron sulfate as indicated by autoradiography 
(page 57), Furthermore, cerebron sulfate is absent from the 
pineal gland which is rich in all the endogenous amines 
(Giarmen, et al., 1959), However, histamine has been re- 
ported to be associated with the cytoplasm of Schwann cells 
rather than the axon (Paton, 1958), and the possibility thus 
remains that the binding of histamine by cerebron sulfate may 
have some physiological meaning. It is also possible that the 
avidity with which amines bind cerebron sulfate may heve other 
implications, Catechol amines cause the release of potassium 
from cells (see Ellis, 1956), and it is possible that the 
catechol amines displace potassium from its linkage to cere- 
bron sulfate in a type of ion-exchange reaction, 

The localization of sulfomucopolysaccharides within 
the cerebral and cerebellar cortex, in gray matter rather 
than white (Bostrém and Odeblad, 1953), is more highly corre- 
lated with the occurence of amines (Paton, 1958), Although 
sulfomucopolysaccharides have not been reported in the hypo 
thalamus, Gray (1935) reported the presence of mast cells in 
large numbers in the pars nervosa and infundibulum of the 
pituitary of cattle, cat, and man, Histamine has been shown 
to be present in large quantities in the hypothalamus (Paton, 
1958), and McIlreath (1959) has suggested that, in general, 
histamine is associated with heparin within the cytoplasmic 
granules of cells, In the mastocytoma used in the studies 
reported here, 5—hydroxytryptamine is also present, as it is 
in all mouse and rat mast cells (Schindler et al., 1959), 

The acidity of sulfomucopolysaccharides and their capacity 
to react in vitro with a variety of amines (see Riley, 1955) 
makes it likely that they too may serve as receptors, 

Although it has been suggested that mucopolysacs 


charides are present in the ground substance of the brain 
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(McIlwain, 1959), there is evidence that in the brain there 
is no intracellular matrix (Edstrém, 1958) and hence all 


transport occurs intracellularly, 
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fhe significance of the continuous synthesis of 
cerebron sulfate together with its almost negligible catabolism 
invites speculation, Kadin et al. (1957) suggested that the 
compound might play a role in the memory process as a result 
of “chemical accretion" as well as of an increase in functional 
complexity, How this might occur is not suggested in that 
paper, but it is interesting to consider the problem, 

McCulloch (1952) considers there are three varieties 
of memory: (1) memories confined to the specious present 
which are preserved as long as consciously thought about and 
which then venish; (2) memories of events which are able to 
evoke all the details of the original incident; and (3) 
memories in the form of generalizations (e.g. the memory of 
@ song, which is not the memory of any one hearing of it, 
but a generalization of its many occurences), 

The first variety of memory has been suggested to 
reside in the form of reverberating (self-re-exciting) cir- 
cuits, Such circuits have been demonstrated by Lorente de 
No (1939) and are responsible for such phenomena as nystagmus 
following rotation (McCulloch, 1952), The persistence of 
the reverberating circuit has been ascribed to potentiation 
by means of which previous stimulation facilitates subsequent 
transmission (Lloyd, 1946, 1949). Young (1988) suggested 
from studies in cephalopods that cyclical activity in rever= 
berating circuits might be important in memory. Although 
associations fail after interruption of the circuit, it was 


suggested that reverberating circuits might play the role 
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of preserving the representation until more permanent change 
could be made (Young, 1951), 

Stable memories of varieties (2) and (3) require 
a representation which is maintained without continual neural 
activity and is commonly attributed to physical or chemical 
change in the brain, Since ablation of large areas of the 
brain can be performed without loss of memory (Lashley, 1929), 
most theories consider each memory trace to be manifested by 
a large series of neurons with considerable redundancy. How 
such a system of neurons are unified into a neuronal net as 
a representation of a memory is open to speculation, Hebb 
(1949) proposed that the increased facility of transmission 
between neurons in a circuit (which is the basis of forming 
such a net) might be due to metabolic changes affecting the 
threshold, or to some kind of growth process by which a change 
in dimension of neuronal processes would allow a permanent 
change in the threshold of excitation, There is little evi- 
dence for or against such changes; Haddara (1955) has shown 
that although large measurable changes occur in the dendrites 
of cortical neurons after birth, no difference could be 
determined between normal animals and those blinded at birth, 

Another form of cortical organization has been 
suggested by Cragg and Temperly (1954): domains of neurons 
with high degrees of interaction, with the total domain pat= 
tern being one that minimizes total free energy, In such a 
system a change in the vicinity of a domain might alter the 
orientation of the domain and initiate a wave of activity 
passing through the assembly, giving rise to a new pattern, 
Such domains of neighboring neurons having the same potential 
would divide the tissue into groups of domains integrated in 
a single pattern, without the necessity of long connecting 


pathweys. In such a system emphasis is placed not only on 
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synaptic transmission but on extracellular fields, The 
experimental evidence in fevor of such a theory is reviewed 
by Sholl (1956). Beurle (1954), working with a model of 
such a system, showed that if one assumes that the threshold 
for the change in domain patterns was lowered each time it 
was activated, then memory traces could be embodied in such 
an organization, Hence, even with such a system, the formation 
of memory traces is dependent upon the facilitation of trans- 
mission, However, allowing extracellular fields, facilitation 
need not be confined to threshold and axon-dendrite modifi- 
cations, | 

Katz and Halstead (1950) have proposed a definite 
mechanism for the formation of the memory trace in the form 
of a unique nucleoprotein which is formed in a neuron on 
stimulation, and which functions as a template for the con- 
struction of a unique protein lattice, Thus in order for a 
neuron to become a functioning member of a memory net a 
unique nucleoprotein must be formed by the initiating im- 
pulse, The nucleoprotein acts as a template for the formation 
of a unique paracrystalline network within the neuron, Hence 
each wemory trace is differentiated by the composition of 
the protein lattice, When the organization of the lattice 
is complete, transmission is possible, They further proposed 
thet with the organization of the initial neuron, other neu- 
rons anatomically in contact with it will be similarly organized, 
This process of organization continues through the neurons 
until terminated by encountering a neuron already organized, 
Each memory trace is characterized by its own protein struc= 
ture. In order to make such a trace unique, it is postulated 
that conduction, once initiated, will proceed only over 
protein pathways of identical structure, and for an impulse 


to cross a synapse there must be a matching between lattices 
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on either side, 
Many reservations regarding this theory are apparent, 
There is little evidence to support the theory other than the 
diversity of form which nucleoproteins can assume, Geiger 
et al. (1957) have shown that stimulation of the brachial 
plexus produced structural changes in the nucleic acids of 
the cerebral cortex; the adenine and cytidine content in- 
creased, the uridine content stayed constant, and the guan- 
idine content varied, However, Geiger et al, (1956) have 
also shown changes occur in brain lipids with stimulation, 
There are many objections to this theory, It works 
best in situations in which there are previously unorganized 
neurons to be incorporated into a new memory trace, Since 
the capacity of the human memory has been estimated to be of 
the order of 16r° bits (von Neumann, 1958) and the number of 
cortical neurons of the order of 10? or 1919 (Sholl, 1956), 
it is obvious that each neuron must participate in eae very large 
number of memory traces, If a neuron participated in only 
100 memory traces it would require 100 nucleoproteins and sub— 
sequent protein lattices (which is quite conceivable), but 
it would also have to keep impulses arriving on oe particular 
protein lattice distinct from others, and transmit such an 
impulse out on the proper lattice (in effect requiring a 
separate axon for each memory trace), In addition to the 
difficulties inate in such a system, the complexity is un- 
necessary: it is possible to construct models of memory 
circuits in which each neuronal member of a memory trace need 
not be "aware" of each distinct memory it is a part of; each 


neuron need not contain a protein record of each memory trace 


it represents, 


If memory traces were dependent upon processes 


requiring the construction of a protein network, other devices 
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must be postulated to preserve the memory until such construc-— 
tion is complete, since it is obvious there is no lag between 
exposure and the time when memory can occur, Therefore, a 
more plausible approach would be that of reverberating cir- 
cuits which preserve a memory trace until metabolic or struc— 
tural changes could occur, Such an alternative is not possible 
in the theory of Katz and Halstead since transmission along 
the budding memory trace is dependent upon accompanying protein 
changes, 

Moreover, it seems highly probable that the input 
to the collection of neurons available for memory~retention 
is not from a single neuron, but from a large collection of 
afferent neurons, Then each memory would result in a large 
collection of unique protein lattices, and the complexity 
increases, A simpler theory might assume only that an ordered 
set of afferent impulses M could, purely by random connection, 
reverberations, etc,, establish a unique ordered set of stim— 
ulated neurons N; different input P then through similar ran- 
dom connections would activate another ordered set 0, The 
distinction between the ordered sets N and 9 would lie not 
only in their component neurons (which night be similar or 
even identical) but in the order and pathway of the impulses 
resulting from M and P, In such a system it is only necessary 
that for a memory trace to be preserved the ordered set be 
preserved; for such a set to be preserved it is necessary 
that the use of such a system facilitate its future use, 
i.e. metabolic changes effecting the threshold or axon— 
dendrite modifications (until such changes occur reverberating 
circuits would have to preserve the set), 

Katz and Halstead have difficulty with the synapse, 
proposing transmission is dependent upon a similar protein 


lattice on either side, However, Tobias (1958) has reported 
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that transmission along an axon continued in nerves severely 
damaged by proteolytic enzymes, while nerves treated with 
phospholipases cease to conduct even when morphological 
damage is slight, This would suggest that intactness of lipid 
is more important than of protein, It can be proposed that 
the facilitation of interneuronal transmission is a matter 

of lipid changes (not chemical accretion but physiochemical 
facilitation of impulse transmission), The lipid which would 
be laid down in the formation of a memory trace need not be 
different from trace to trace, in fact it would seem that 

the same lipid would occur in all, Therefore as a manifes— 
tation of the continuous formation of new memory traces one 
would expect a continuous formation of the lipid, This need 
not be exempt from catabolism but a continuous net synthesis 
must occur, 

Lipids could influence transmission either through 
altering ionic or neurohumeral exchange. Cerebron sulfate 
could function in such a process, Its binding with endogenous 
amines has already been discussed (page 80). Furthermore, 
cerebron sulfate has been shown to be present in the white 
matter, and particularly in the mitochondrial fraction of 
brain cells, The association of glial mitochondria with 
neurons has already been mentioned (page 78). Facilitation 
of transmission might be associated with such formations; 
thus, the continuous accumulation of cerebron sulfate might 
reflect a physiological role in (or, perhaps, the continuous 


creation of) such glial-neuron complexes, 
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SUMMARY AND CONCLUSIONS 


The incorporation of S ooulfate into cerebron sulfate: 
and sulfomucopolysaccharides of various organs of the 


rat was studied, 


A paper chromatographic method was devised to separate 
cerebron sulfate and sulfomucopolysaccharides from other 


sulfur-containing substances and from other lipids, 


Turnover studies of °° _iabelled cerebron sulfate showed 
the persistence of labelled cerebron sulfate in the brain 
32 days after injecting radioactive sulfate, indicating 
an auteeuely slow turnover, By contrast, other organs 
(kidney, liver, spleen, heart) and a mouse mastocytoma 
turned over the labelled cerebron sulfate rapidly, viz. 
10 = 96 hours, Of the tissues studied, kidney showed 

the highest incorporation of sulfate into cerebron sul— 
fate per gram of tissue. No labelled cerebron sulfate 
could be shown in plasma or blood cells, (Figure 1, 


p 34; Figure 2, p 35) 


Parallel studies of g°°_inbelled sulfomucopolysaccharides 
showed for the first time the presence of sulfomucopoly= 
saccharides in the brain, Brain sulfomucopolysaccharides 


are slowly turned over but at a faster rate than brain 


BB 


enoTebanKog GHA vee tv | ‘ 


sistiue nowdengo odai atatina-” & to Moiteroyi9omt ol? We . 
sit to anagro avottay to sghisadoosayloqooumotine few 


_ beibuda Baw tot 


sdatsqea of beaiveb anw houitee niulge-ty0d emo s segeq + ne 
neildo mont gabintedooseyléqooumot fie bine stot lae sorders9 


enbiqti asive wont bis seonadadga geisiosne mmawttue 


beveda ovatise nomdei. be lfedsi-" “a to aotbuda zeveuwT ‘ 48 
view odd af sdativa nowdetss be tledel to eonodatatog, ond 
yotseotbni ,atotiue ovisoaocibhst guid oojni tetta aysb oe 
BHaAgIO t9dto ,Jeaattnos +4 tovontyd wale yleme-tdxe 2 
snosy sedan senom a bis (dtned pase Lee ytevil erembiat) 
civ ,ylbigat otdstiva notdst89 boifedad esis T9v0 bom 
bewodln yoohlA ,beibuda asuaaid edd TO .aruvolt 68 ~ OL 
~{ue sowdste9 odni atalive to wo tdetoqrtoont sapdyin odd 
eteatina nowsts> bolledal off .amaetée to 8B tay odat. 
ef ompit) .alieo booid 20 sueglq at. awota od blwoo 


(G6 q .S emwatt gas g 


avbitatsosnnyloqoouuwutiuve balisdeal ee, to aetboda fiellara® a? 
~vloqogumetina To soxessta oft omit Jari't edd iot bewoda 
eebitadoosayloquecumollya oaianl ,eieid od of nobinadsonea 


ufetd asd? otlnx istenl a Sa dod wovo heniwd tivala ote 


=—Q9Qm. 


cerebron sulfate, viz. a half-life of 150 hours, Sulfo- 
mucopolysaccharides in other organs (kidney, liver, lung, 
spleen, adrenal gland, heart, aorta, esophagus, stomach, 
small intestine, large intestine, skeletal muscle, fat, 
plasma, and blood cells) turned over much more rapidly, 


(Figure 2, p 35; Figure 3, p 42; Figure 4, p 43) 


Aside from the brain, the kidney had the slowest turnover— 
rate of both cerebron sulfate and sulfomucopolysaccharides, 
In all tissues except the brain the capacity to incorpor- 
ate sulfate into cerebron sulfate paralleled the capacity 


to incorporate sulfate into sulfomucopolysaccharide, 


Forty-eight hours after injecting s°°_sulfate, 92 percent 
of the radioactivity was associated with sulfomucopoly- 
saccharides (55 percent) and cerebron sulfate, The re- 
Maining eight percent was attributed tentatively to taurine, 
On the basis of these observations, autoradiographs of 
brains removed two days after injection ofS —saltnte 
were interpreted as representing the localization of 
sulfomucopolysaccharides in gray matter, 

Sixteen days after injecting s°°_sulfate, all radioactiv= 
ity in the brain was in the form of either cerebron sul- 
fate or sulfomucopolysaccharide, Autoradiographs of the 
brain at this time showed distinct localization of radio-— 
activity in the white matter, At this time there is 

twice as much labelled cerebron sulfate as labelled sulfo— 
mucopolysaccharide, and it was therefore surmised that 


cerebron sulfate is localized in the white matter, 
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Parenterally administered cortisone had no effect on 
sulfate incorporation into either cerebron sulfate or 


sulfomucopolysaccharide of brain, 


Paper chromatography was carried out on the sulfomuco— 
polysaccharides from some organs (brain, adrenal gland, 
kidney, liver, large intestine, and small intestine), 
Each sulfomucopolysaccharide extract could be resolved 
into two separate metachromatic substances, The paper 
chromatographic properties of all extracts, with the 


exception of brain, were similar, 


Fractionation of cells 12, 24, and 48 hours after admin—- 
istering $°°_ sulfate showed localization of labelled 
cerebron sulfate in brain mitochondria, liver supernate, 
and kidney microsomes, Further fractionation of brain 
mitochondria showed that most of the cerebron sulfate 
was not associated with the membrane but with the super= 
nate of the mitochondria, (Table 15, p 45; Table 16, 

p 46; Table 17, p 473 Table 18, p 49) 


Parallel studies on sulfomucopolysaccharides 24 hours 
after injecting SP sultanate showed highest concentration 
in the microsome fractions of brain, liver, and kidney, 
That portion in the mitochondria of all three organs was 


in the supernate of the mitochondria, (Table 19, p 50) 


No incorporation of radioactive potassium into cerebron 
sulfate could be demonstrated after incubation of brain 


and liver mitochondria with ke abaee sun chloride, 
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Brain mitochondria contained a component which carried 
inorganic potassium into organic solvents under non— 
metabolic conditions, This did not obtain with Po .. 
sulfate or po phosphate: No such component was present 


in liver mitochondria, 


Cerebron sulfate was shown to make lipid-soluble the 
endogenous amines tested (viz, norepinephrine, acetyl- 
choline, histamine, and 5—-hydroxytryptamine), The ratio 
of moles of cerebron sulfate to moles of amine is approx 


imately 10:1, (Table 21, p 52) 


No transfer of S°°<Tabellied cerebron sulfate to sulfo— 
mucopolysaccharides by fortified homogenates of brain 


or mastocytoma could be demonstrated, 


Two observations, as yet unresolved, were made: 

a) Although go? _cerebron sulfate! turns evar slowly 
in the intact brain, it is metabolized by forti-= 
fied brain (but not. mastocytoma) homogenates 
to an unidentified G Seeapeund. 

b) Fortified brain homogenates incorporated Cae 
sulfate into a compound tentatively identified 


as cystine or cysteic acid, 
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